[January, 1979]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 52 (1), 1—7 (1979) 1

A Molecular Orbital Study on the Partial Reactivity of Hydrogen
of Various Amino Acids in the Abstraction Reaction
by Hydroxyl Radical

Hiroyuki SHINOHARA,* Akira Imamura,! Takahiro Masupa,
and Masaharu Konbo
Department of Chemistry, Faculty of Science, Tokyo Metropolitan University,
Fukasawa, Setagaya-ku, Tokyo 158
tShiga University of Medical Science, Seta, Otsu, Shiga 520-21
(Received May 7, 1977)

The reactivities of hydrogen atoms of aliphatic amino acids toward hydroxyl radicals in the hydrogen
atom abstraction reaction have been studied in terms of the energy required for stretching the C-H bond
which is attacked. The energy required for stretching the C-H bond by 0.5A from the equilibrium bond
length has been calculated by the INDO method and compared with the partial rate constants experimentally

assigned to the hydrogen atoms of aliphatic amino acids.

The energy required has been correlated only

with the partial rate constants of the hydrogen atoms on the f-carbon atom. For the hydrogen atoms on
the a-carbon atom, although data was insufficient a similar situation has been observed. The reactivities of
the hydrogen atoms on the y and d-carbon atom failed to correlate with the stretching energy. The reasons

are discussed in terms of the effect raised by the configuration of amino acid molecules in solution.

The

stretching energy has also been found to be consistent with the electrophilicity observed in the hydrogen

abstraction reaction by hydroxyl radical.

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

Recently, it has been reported? that the partial rate
constants for the hydrogen atom abstraction by hydroxyl
radicals may be estimated from the rate constants
determined by the p-nitroso-N, N-dimethylaniline
method?® for primary, secondary, and tertiary hydrogen
atoms bound to the «, 8, y, and d-carbon atoms of
simple aliphatic amino acids. The bimolecular rate
constant for the hydrogen atom abstraction by hydroxyl
radicals from an aliphatic amino acid has been inter-
preted by summation of the partial reactivities as-
signed to hydrogen atoms in the amino acid molecule.
However, no theoretical basis of the partial reactiv-
ities has been presented.

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

Method

The total energies for the isolated molecules as well

as the reacting systems were calculated by the UHF
method?) in the INDO approximation.?

Results and Discussion

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

Figure 1 shows a model of the hydrogen abstraction
by hydroxyl radicals from glycine. It has been assumed
that the hydroxyl radical approaches the H? atom of
glycine along the extension of the C!~H?® bond maintain-
ing the angle H®OH at 104.45° (the bond angle of
water) and abstracts the H® atom. In a previous
paper,® the angular dependence of the energy of the
CH,-OH system (6, the angle of HOH was varied
from 90 to 180°) was studied, and it was confirmed
that the approach with 0=104.45° is most favored.

TABLE 1. THE TOTAL ENERGY OF AMINO ACIDS
AND HYDROXYL RADICALS CALCULATED
By THE INDO METHOD

Amino acid Total energy (au)

Glycine —63.6233
Alanine —72.0652
2-Aminobutyric acid —80.5059
Valine —88.9413
Isoleucine —97.3754
Leucine —97.7260
Hydroxyl radical —18.1505
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Fig 1.
with amino acid.

Consequently, this angle has been adopted for the amino
acid—-OH system. The hydrogen atom of the hydroxyl
radical lies in a anti-direction to the C1-H bond with
regard to the C1-O bond. The energy dependence
of the reacting system upon the intermolecular H®-O
distance, with the C1-H?® distance fixed at 1.10 A was
examined and the results are given in Fig. 2. The
minimum quantity of energy was obtained between
the intermolecular distances of 1.36 and 1.46A.
The reacting system is more stable than the isolated
state, and this is probably due to the stabilization by
hydrogen-bonding between hydroxyl oxygen and the
H® atom of glycine.

The reaction path is specified with the notation
(r1, 75), where 7, represents the distance in A betweeen
carbon C! and hydrogen H? which is abstracted, and
7, that between H® and hydroxyl oxygen.

Figure 3 illustrates the dependence of the energy
of the reacting system upon the C-H?® distance 7,
when the C1-O distance (r;+7,) is varied. It is con-
ceivable that configuration interactions are important
in lowering the energy for the transition state of the
reacting system. However, calculation of the inter-
actions by the UHF method is very complicated.
Thus, it has been tentatively assumed that the effects
of the configuration interactions are not so different,
molecule to molecule in the series of aliphatic amino
acid molecules, and consequently the reactivity may
be compared with the energy obtained by the UHF
method for the elongated C'-H® bond. The following
points A, B, C, and D were taken as possible reaction
paths for H? abstraction, specified respectively by a
set of r; and 7, indicated in parentheses. A(1.10,

The geometries of amino acids and an assumed model for the abstraction by hydroxyl radical
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Fig. 2. Potential curve as a function of the distance

between hydroxyl radical and H® atom in glycine-
OH system.

1.46), B(1.20, 1.36), C(1.30, 1.26), D(1.40, 1.16).
From Fig. 3, it has been inferred that the potential
curve appears to approach a maximum near D with
the distance C1-O of 2.56 A, although the absolute
value of the energy is not available. Therefore, it
has been assumed that the difference in the total energy
between the reacting system at D and the isolated
state is an approximate measure of the reactivity of



January, 1979]

5 © 2386
H/ \‘H?‘Hm /03
‘c‘-—c<
= 5.5 4 =
é H N‘EH o]
-a173 b 0 226 276
s}
) €)
I
o S o/
Jus
! © 266
(5]
£ e - 0/0/
S 256
I o)
3 I &/ D
ES ] o
St
g -8 / o
(53
- o ¢
[
*5 -
= Qo
8____——0
-8179 F A B
1 1 1 1 1
11 12 13 1.4 1.5

C1-_H® distance (A)
Fig. 3. Potential curves as a function of C!-H?® distance

at various C1-O distances in glycine-OH system. The
number described near the point is C1-O distance.

the H® atom (a-secondary). In order to examine the
suitability of point D for other hydrogen atoms, the
interaction energy between the hydroxyl radical and
the H® atom of alanine has been calculated. As shown
in Fig. 4, the favored reaction path has been found to
be the same as that observed in the glycine H® atom.
The results of Figs. 3 and 4 suggest that the path with
r,47,=2.56 A is favored for hydrogen atoms of any
type. Thus D has been taken as the reference point to
compare the reactivities of hydrogen atoms bound to
o, B, y, and d-carbon atoms.
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number described near the point is C1-O distance.

Hydrogen Abstraction by the Hydroxyl Radical from Amino Acids 3

In chemical reactions, it has been recognized that the
delocalization of electrons between a reactant and a
reagent is a major factor in determining reactivity.”:8)
Although the potential curve should be obtained for
the system including both a hydroxyl radical and an
amino acid, the interaction energy could not always
be obtained, because of divergence in the SCF cal-
culation. This divergence may make the absolute
values of the total energy unreliable. However, the
relative values of the energy may be useful for a dis-
cussion of the relative reactivity. Thus, it has been
assumed that the interaction energy could be ap-
proximated by the energy change due to the stretch-
ing of C-H bond. This model was checked in
detail as follows. Several factors contribute to the
abstraction reaction, for example, a) the strength of
the R-H bond broken, b) the strength of forming
the H-X bond, c) the stabilization energy due to
delocalization of electrons, d) solvation, and so on.
The relative reactivities of hydrogen atoms toward
the same attacking reagent have been investigated
in the present study and it appears that factors a)
and c¢) dominate. If c) does not vary with types
of C-H bonds or if a) and c¢) correlate linearly
with each other, the reactivities of the hydrogen
atoms for abstraction may be approximated to the
strength of the G-H bond. The interaction energy of
the glycine~OH system along the reaction path(A,
B, C, D) has been compared with the total energy of
glycine obtained by stretching the C-H® bond from
1.10 to 1.40A, in the singlet state. From a linear
correlation between the total energy of the composite
system and that of glycine at the same bond distance
of the C1-H? (Fig. 5), it has been concluded that the
reactivity of the H? atom may be evaluated in terms of
the energy required to stretch the C!-H?® bond by a
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Fig. 5. The linear relationship between the energy
changes by elongation of the C-H bond in question in
presence and absence of OH group for glycine. The
number described near the point is the bond length
of the stretching C-H bond.
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Fig. 6. The linear relationship between the energy
changes by elongation of the C-H bond in question
in presence and absence of OH group for alanine. The
number described near the point is the bond length
of the stretching C-H bond.

certain distance from the equilibrium bond length.
The same argument is valid for the H? («-tertiary) atom
of alanine as shown in Fig. 6.

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

AEOH = Ea.miuo acid—om at D(IA'O: 1'16)
— Lamino acid—0oH at (110, OO) (1)

AE = E;nino acid(C_H 160) — Eamino acid(C_H 110)

(2
Where D(1.40, 1.16) and (1.10, o) represent the
points on the reaction path as previously defined and
(C-H 1.60) and (C-H 1.10) indicate the C—-H bond
length. The point (C-H 1.60) has been tentatively
selected in order that AE might approximate to AEgy,
although the absolute value of the energy may be
unreliable.

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

alanine,

2-NH,: 2-aminobutyric acid. The number in paren-
thesis indicates hydrogen atoms in Fig. 1.

TABLE 2. THE REACTIVITY OF IIYDROGEN ATOMS
OF AMINO ACIDS CALCULATED BY AFE

Type of

Amino acid C-H bond AE(au)®
Glycine H? o-sec?) 0.1560
Alanine H? o-tert 0.1498

Hu B-prim 0.1468
H12 B-prim 0.1565
HB B-prim 0.1614
2-Aminobutyric acid H?!? B-sec 0.1491
H1s B-sec 0.1544
Hu y-prim 0.1617
H1s y-prim 0.1601
His y-prim 0.1490
Valine H12 B-tert 0.1428
His y-prim 0.1601
H1s y-prim 0.1599
His y-prim 0.1488
HY y-prim 0.1617
His y-prim 0.1610
H y-prim 0.1555
Isoleucine H+ y-sec 0.1538
H1s y-sec 0.1430
H2e §-prim 0.1610
H2 é-prim 0.1604
Hz2 S-prim 0.1601
Leucine Hu1 S-sec 0.1574
Hs B-sec 0.1543
Hu y-tert 0.1494

a) a-sec: a-secondary, o-tert: o-tertiary, f-prim: f-

primary, f-sec:
Atomic unit.

B-secondary,

B-tert:

B-tertiary.,

b)

To compare AE with the experimentally assigned
values of the partial reactivities of hydrogen atoms,
AE’s were calculated for various kinds of hydrogen
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atoms. The calculated values of AE are listed in Table
2. In the case of y-primary hydrogen atoms (H4,
H?5, H6) of 2-aminobutyric acid or valine, the pre-
diction is that H!® is more reactive than H!4 or HI5.

The differences in the reactivities of hydrogen atoms
bound to the same carbon atom have been neglected
when the partial reactivities were estimated from the
observed rate constants. Therefore, the reactivity of
y-primary hydrogen atoms (also, B-primary, f-sec-
ondary, and so on) has been approximated by the
average reactivity of H14, H'5, and H'® atoms assuming
Maxwell-Boltzmann distribution among the AE’s.
The results are in Table 3.

TABLE 3. CoOMPARISON OF AE WITH THE EXPERI-
MENTALLY ASSIGNED PARTIAL REACTIVITY

CTIYIpeb (;)Ifl' 4 Partl;/} _rle:_cltlwty AE (keal/mol)
a-Secondary 8.5x10¢ 97.835
a-Tertiary 1.7x107 93.715
f-Primary 2.07x 107 98.188
p-Secondary 1.77 x 10® 93,540
96.862M
p-Tertiary 3.54x 108 89.575
y-Primary 4.85x 107 93.465%
93.343%
y-Secondary 5.12x 108 89.701
p-Tertiary 1.02x10° 93.715
6-Primary 6.75x 107 100.597
a) Obtained from 2-aminobutyric acid. b) From

leucine. c¢) From valine.

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

With regard to the values of AE in Table 3, two
values of AE are given for f-secondary and y-primary
hydrogen atoms. The AE of the f-secondary hydrogen
atom has been evaluated to be 93.540 kcal/mol as the
average for H!? and H!?* atoms of 2-aminobutyric

Hydrogen Abstraction by the Hydroxyl Radical from Amino Acids 5
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Fig. 8. Comparison of AE with the experimentally
assigned partial reactivity. O: a-, @: f-, ©O: y-, O:
8-, p: primary, s: secondary, t: tertiary. s(l1) and
s(2) are obtained from 2-aminobutyric acid and leu-
cine respectively, see Table 3.

acid, whereas 96.862 kcal/mol has been obtained
as the average for H!! and H!? atoms of leucine. As
AE for the H1® atom of leucine is approximately the
same as that for the H!3 atom of 2-aminobutyric acid,
the difference in averaged AE’s is attributable to the
difference in AE between the H! atom of leucine and
the H!2 atom of 2-aminobutyric acid. The value
for y-primary hydrogen atoms, 93.465 kcal/mol has
been obtained from H, H!5, and H!® atoms of 2-
aminobutyric acid and it was approximately consis-
tent with 93.343 kcal/mol obtained from the H,
H15, and H! atoms of valine. This suggests that the
effect of another CH,; group (C3, H'Y?, H!, HY) of
valine upon the reactivitiy of y-primary hydrogen
atoms is not large and the same value may be used
for 2-aminobutyric acid and valine. If the molecular
backbone is different, the same value cannot always
be applied to represent the reactivity as shown in the
cases of 2-aminobutyric acid and leucine, because
the reactivity of the hydrogen atom is closely related
to the orientation in the molecule. As already de-
scribed, there is a remarkable difference in AE among
primary and secondary hydrogen atoms. For -
primary hydrogen atoms of 2-aminobutyric acid, for
example, the large reactivity of the H® atom compared
with that of the H" and H' atoms is ascribed to the
difference in the two-center interaction energy. The
two-center energy in the INDO method® is equal to
that in the CNDQO/2 method by Pople et al.%19 and
consists of the three terms with different characters.

A B 1 A B
Es 5 =231212Pufu — —2—2 SV Piuyas + [ZaZgRag™?
g v p v

— PuaVap — PppVea + PsaPrryas] (3)

The first term is called the resonance term, the second
the exchange term and the third the electrostatic term.
The two-center energies calculated for 2-aminobutyric
acid are shown in Table 4. AE;_y, defined by the
following equation, is the local energy required in
stretching a C-H bond.
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AEgu = Eg-n1.00 — Ec-n1.10 4) 1
. .« . 5
where Eg_y 4.4 and E_y 4.6 are the interatomic inter- "’{ HoH'®
action energies between carbon and hydrogen atoms cipye \'\c"— HS

at the C-H distance of 1.10 and 1.60 A, respectively.
Ey_y (G-H 1.10) and E,_; (C-H 1.60) are the inter-
atomic interaction energies between O3 oxygen and
hydrogen atoms (H¢, H25 H of 2-aminobutyric
acid) obtained at the C-H distance of 1.10 and
1.60 A, respectively. AE, defined by Eq. 2, is the total
energy required for the stretching and gives an index
of the reactivity of hydrogen atoms. From the view-
point of the energy required to stretch the C-H bond
AE;_g, the H1® atom is expected to the less reactive
than the H' and H!5 atoms. However, AE gives the
reverse results. For the interatomic interaction energy
between O3 and (H4, H2%, H16) atoms (E,_g in Table
4), large stabilization is observed between O3 and H1¢
atoms when the C1-H!¢ bond is stretched. In the
case of H¥ and H5 atoms, destabilization occurred.
In order to clarify the effect of the carboxyl group
upon the reactivity of the H® atom, a similar cal-
culation was conducted by rotating the carboxyl
group around the C!~C2 bond by 90°. The stabiliza-
tion energy due to the interaction between O3% and
H¢ atoms then reduces to approximately a tenth com-
pared with the case without rotation of the carboxyl
group. Accordingly, three hydrogen atoms have ap-
proximately equal reactivity as predicted from the
magnitude of AE;_,.

The interatomic interaction energy between O3
and H'¢ atoms was further investigated by decomposing
it into three components as in Eq. 3. The results
given in Table 5 indicate that the resonance term
is the most important and the main reason for the nega-
tive value of the O3-H® energy. Consequently it

TABLE 4. INTERATOMIC INTERACTION ENERGY

OF 2-AMINOBUTYRIC ACID (au)

(A) Carboxyl group lies on the same plane with Cl,
C?, and N; atoms.

CL_H14 Clu_H15 CLL_}{16
Fog 1.10 —0.753%  —0.7481  _0.7470
Foy 1.60 —0.5475  —0.5433  —0.5239
AEon 0.2061 0.2038 0.2231
AE 0.1617 0.1601 0.1490

03_H14 03_H15 O3_H16
Eoy (C-H 1.10)  0.0012 0.0018  —0.0179
Eoy (C-H 1.60)  0.0055 0.0050  —0.0717

(B) After rotating carboxyl group by 90° around Cl-

C? bond.

Cll__H14 Cll_H15 Cll_HlB
Es_g 1.10 —0.7507 —0.7496 —0.7507
Eq gy 1.60 —0.5476 —0.5467 —0.5461
AEc_u 0.2031 0.2029 0.2046
AE 0.1615 0.1610 0.1613

O3_H14 OS___HIﬁ OS_HIG
Eo_w (C-H 1.10) 0.0015  0.0011  —0.0033
Eo_y (C-H 1.60) 0.0046 0.0047 —0.0084

_/ /

3 H——C
0
H
HX / H, H
1 kY
/C Cz\ —&—7c0’
H'—Ns\ o4 H— NS\
HH H H
A B

2-aminobutyric acid
Fig. 9. Carboxyl group lies on the same plane with
CL C2, and N® atoms in A form, whereas in B form,
the carboxyl group is rotated by 90° around C!-C2
bond.

may be concluded that the resonance interaction
between O% and H'¢ atoms leads to an intramolecular
hydrogen-bonding and this stabilization results in the
large reactivity of the H® atom despite the large value
of AE;_y of the C1-H! bond.

The reaction mechanism of the hydrogen abstrac-
tion by the hydroxyl radical from amino acids will
now be discussed in terms of the electronic structure.
The bond indices given by Wiberg!!) for the glycine-
OH system are listed in Table 6, and the spin density
and the charge transferred from glycine to the hydroxyl
radical are listed in Table 7. It has been assumed that
the hydroxyl readical has four valence electrons of
a-spin and three valence electrons of f-spin. As
shown in Tables 6 and 7, the approach of the hydroxyl
radical decouples the electron pairing in the Cl-H?
bond. The pf-spin electron moves toward the H?®
atom while the a-spin electron in the opposite direction.
In accordance with this spin movement, the a«-spin

TABLE 5. THE DECOMPOSITION OF THE INTERATOMIC

INTERACTION ENERGY BETWEEN O3% anp H1¢ AToMs(au)

Resonance term —0.0617
Exchange term —0.0101
Electrostatic term 0.0001
Eo_x (C-H 1.60) —0.0716®

a) The interatomic interaction energy between O® and
H atoms in Table 4 (A).

TABLE 6. BOND INDICEs FOR THE GLYCINE-OH sysTEM

C1-H? bond indices H®-O bond indices

Path point —— —
«-Spin  f-Spin  «-Spin  f-Spin
(1.10, 1.56)» 0.231 0.222 0.007 0.018
(A) 0.227 0.214 0.010 0.027
(B) 0.209 0.195 0.022 0.045
(C) 0.169 0.155 0.061 0.082
(D) 0.103 0.091 0.108 0.150

a) The values 1.10 and 1.56 denote the C-H? bond
distance and H®*-O bond distance respectively.
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TABLE 7. SPIN DENSITY AND CHARGE TRANSFER
QUANTITIES FOR THE GLYCINE-OH sYSTEM

Spin density

Path point —— cT»
Cct H? (0}

(1.10, 1.56)v 0.010 —0.044 0.015 —0.020
(A) 0.016 —0.061 0.016 —0.031
(B) 0.029 —0.120 0.015 —0.044
(C) 0.047 —0.209 0.011 —0.071
(D) 0.053 —0.239 0.006 —0.128

a) The values 1.10 and 1.56 denote the C-H? bond
distance and H®-O distance respectively. b) The
charge transfer quantity from glycine to hydroxyl
radical.

C!-H?® bond is weakened, and the g-spin H*-O bond
begins to form. This can reasonably be explained
by the three-stage model proposed by Nagase ¢t al.12-14)

Glycine C1{JH? + 1OH — Gly Gt...}}..-H®...}OH
- Gly CY + H,0
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A Computer Program Package for the Analysis, Creation, and Estimation
of Generalized Reactions—GRACE. 1. Generation of Elementary
Reaction Network in Radical Reactions—A/GRACE(I)
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The system GRACE generates elementary reaction networks for simple reactions including free radicals,
ions and even active sites in heterogeneous catalysis, and also predicts the overall reaction rates and the
product distributions in radical reactions in the gas phase where the Arrhenius parameters of elementary
reactions are available. In this paper, A/GRACE (part A of GRACE) is explained, which prepares ele-
mentary reaction networks for radical reactions. The reactant and the product are represented by square
symmetric matrices. The off-diagonal elements represent bond multiplicity, or the number of localized elec-
trons, between corresponding atoms, whereas the diagonal elements imply the number of unshared electrons
on radical atoms. A reacting system, an ensemble of the participating molecules, is composed of atom groups,
cach of which consists of a center atom (usually non-hydrogen) and attached hydrogen atom(s), if any.
Firstly, all the possible changes in the atom groups are selected, and the permitted combinations are preapred
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bearing in mind the equivalent groups in the system and the restrictions optioned.
is the complexity, i.e., the number of ruptured or formed bonds.

The major restriction
A direct sum of matrices are prepared

from one of the combinations, and the elementary reaction is completed by setting the appropriate numerals,

1 or —1, to the outside elements.

Secondly, the procedures are repeated until all the feasible networks arc

prepared. As an illustration the hydrogenation of ethylene over a heterogeneous catalyst has been cited.

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

Recently several systems of chemical logic with
programs for the creation, or generation, of chemical
reactions have been published by Corey,? Ugi,®
Wipke, and Bersohn.” Earlier works include
DENDRAL by Feigenbaum et al.5® The features
and the aims of these systems are rather different,
reflecting the main interests of the authors. The
present author has intended to develop a system that
is capable of creating all of the possible reaction routes,
or an elementary reaction network, in simpler organic
reactions, and estimating quantitatively the reaction
rates and product distribution. The system, GRACE
(Generalized Reaction Analysis for Creation and
Estimation) is fundamentally similar to that of Ugi
et al.,» although the systems have been developed
independently, and employs square matrices for mani-
pulation of reacting systems. The outline of our
system in the earlier stage was first published in 1970
as a part of a review.®

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

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

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

Outline of GRACE

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

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

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

(3) C/GRACE: Simultaneous differential equ-
ations corresponding to the material balance among

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

In addition to these three sub-systems, a minor
sub-system Z/GRACE, the part Zero of GRACE,
may be employed to prepare the input data for A/
GRACE concerning the reactant and product from
a CHEMO input, a linear input of a rational formula
also proposed by the present author.”

Representation of Reacting System
by Matrices

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

Mo MMy M M M
& G GG G & & G
H9\1 z/H” 3_b LT B, S
H‘°’C=C\H12 HHS e kB T 58

HQ Hﬁ
- H’°>C'—CZ£H'2 (1
3 \HL

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

Reactant and  Product  Matrices. A reactant
matrix, symmetric and very sparse, may be prepared
from Eq. 1 by appropriately assigning a row and a
column to each atom. In this way the molecules and
atom groups may be arranged to follow faithfully the
order of chemical bonds in the system as shown in
Fig. 2(a). The matrix elements represent the multi-
plicity of chemical bonds: 1 for a single bond, 2 for
a double bond, and 3 for a triple bond. At the present
stage of development, a bond with a bond order of
1.5, that is, a conjugated double bond, may not be
entertained. The matrix thus prepared is termed a
reactant bonding matrix, X,, where X represents
the reactant system and b the bonding matrix. It
can be seen that each element of the matrix represents
also the number of valence electrons belonging to an
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1 910211123 456 78
CHHCHHHH % % % %
1cp 11112
(,{ 9H| 1
10H{1
2C12 111
Gz[ 11H 1
12H 1
G:[ 3H 1
G:[ 4H 1
G [ 5% 1
Gs[ 6% 1
G [ 7% 1
Gs[ - 8% 1
Fig. 2a. Reactant bonding matrix, Xj.
1 910211123 45 6 7 8
CHHCHHHH% % % %
el 111 1
9H{ 1
10H{ 1
2C|1 111 1
11H 1
12H 1
3H| 1
4H 1
5% 1
6% 1
7% 1
8% 1
Fig. 2b. Product bonding matrix, ¥(X3).

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

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

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

R, =YX, — X,. (2)

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

Fig. 2c. Reaction matrix, R,=Y (Xp) —Xo-

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

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

Preparation of One Step Reaction in the
Elementary Reaction Network

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

An overall reaction through the r-th route will be
decomposed into elementary reactions R, as

Rover(r) — 2 Reln, (3)

where R°"(r) represents the matrix of the above-
mentioned overall reaction and s indicates the step
number in the network. If the intermediate systems
I,,,and I, are the reactant and the product of
step s in route 7, respectively, then

Ir,s = Rel'rs + Ir,s—1- (4)

By adding Eq. 4 recursively, Eq. 2 will be derived
with Eq. 3; R, in Eq. 2 is exactly the same as R°™"
(r) given in Eq. 3, although the latter clearly indicates
the component of the network. The strategy there-
fore to develop a network that connects the overall
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reactant and the overall product is to create logically
the above mentioned elementary reactions.

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

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

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

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

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

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

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

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

HH
111

SCH,, —-CH,, :CH,
-NH,, NH,

|
T >
[y oy Py [

b. Group reaction matrices for AH,.

AHH
A

o I:I No change.
A -1 \CH N

P H Vi 5 —> 7CH + —'H
H{-1 -NH, — >NH + -H
A[T ] . N :

o b >CH, - >CH + H
H[-1] |1 -NH, - >NH + H
Al .

P N >CH, — .—CH2
H -NH, — NH,

o Q 1LY SCH, — >¢H +-H
Hl-1 -NH, —» -NH + -H
ALY scH, - SCH+H

Oz H 4 2 7 7, + .
H-1] | -NH, —» -NH + H
Al-1 .

oo M -CH, — >CH,

H NH, — -NH,

Fig. 3. Group reaction matrices for AH, group.

atom A. For example, carbon with n=2 represents
a carbene molecule, and nitrogen with n=1 represents
an amino radical.

A blank matrix p, implies that no change takes
place within this atom group. Matrices p; to P,
represent changes illustrated in the right-hand margin,
where a short bar indicates one localized electron on
a bond connected to other atoms. Thus two bars
implies two single bonds or a double bond and a dot
indicates an unshared electron. The matrix p,,
represents the disappearance of a radical atom, or an
unshared electron, on the atom A, because a diagonal
element, —1, on A indicates the decrease of the number
of unshared electrons in the reactant. Naturally, this
p2; should be applied only for x with n=1. All the
possible changes in the atom group AH, are represented
with these seven group reaction matrices, as far as
it is assumed that only one valence electron on an atom
moves from the formerly localized position to the new
one.

A practical example using Eq. 1 will now be given.
The following processing will be conducted under the
restrictions stated in Table 1. Figure 4 shows the
allowable p’s for the methylene group in the overall
reactant X under the above restrictions, where p,
and p,, are excluded because the hydrogen radical
in the gaseous phase is prohibited, and p,, is also
excluded as the methylene groups in X have no radical
atom (n=0).
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RESTRICTIONS OPTIONED FOR GENERATION OF
ELEMENTARY REACTION NETWORK OF THE REACTION
IN Eq. 1

TABLE I.

1. Complexity of elementary reaction should not
exceed 3.

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

4. Number of radical atoms shold not exceed 4.

5. Number of uupaired electrons on an atom should
not exceed 1.

6. No gaseous hydrogen radical is allowed, although
hydrocarbon radicals may be allowed even in
gaseous phase.

7. Number of valence electrons is 4 for carbon, and

including active sites

1 for hydrogen and active sites.

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

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

CHH
@ =CH. ¢ W, :00 h
(G1,G2) p, H kg = No change.
L,=0
H (3
- W, = —2
P g : zgg: %) =CH, —» >CH- + -H
H|? g =
We=1 .
P14 ](-:[ : Zgg:(i =CH, — -CH,
H A
- Wg = —1 .
pe W[ [[] S=)  OFh o CH4
H[- g =
H W =20
(2) -H H kg =0 No chage (H prohibited)
(G31 G4) o D Lg =0
*
@ % p *L] No change.
(Gs~Gs) . W, = —1
en *[1] "ZZ Z(; % —> %

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

For an atom group which consists of only the center
atom without any attached atoms, three group reaction
matrices of order 1, i.e., p;, p14, and p,, are allowable.
However, only one matrix (p,) will be allocated to
the hydrogen atom groups in X, and two (p; and p,;)
to active sites, based on the similar reasoning as in
the case of methylene.

Direct Sum of Group Reaction Mairices. The direct
sum of group reaction matrices is a succession of
an appropriate combination of corresponding group
reaction matrices placed along the diagonal of a reac-
tion matrix, which is shown surrounded by bold, solid
lines in Fig. 5. The appropriate combination will be
selected so that the elementary reaction matrix prepar-
ed satisfies both the chemical logic and given restrictions.
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9H
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Fig. 5. An example of elementary reaction matrix.

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

Wg: sum of all the elements.
kg:  complexity.
Ly:  sum of absolute values of diagonal elements.

Figure 4 illustrates the various values.

An elementary reaction matrix R may be completed
by placing the appropriate numerals in. the intergroup
domain. Since R® is symmetric, the sum of the
elements in the intergroup domain is zero or even.
Therefore it is a necessary condition that the sum of
the elements within the direct sum should be also
zero or even, because the sum of the elements of R
is zero by definition. Thus,

>3 Wg = zero or even. (5)

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

Slkg = Fmax — 1. (6)

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

>3 L, = zero or even. (7

The three selection rules mentioned above are still
necessary conditions. Table 2 is thus derived, where
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all the approved combinations of p’s are shown for
each group.

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

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

GH, + Hy + 4; — CH,-CH, + H, + 2; (8)
% *

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

1112 3 4
HHHH

*
* co

|z
-
—| %o

* o

1C
9H |14
10H |1
2N 11 1
11H 1
12H 1
3H 1
4H 1
5%
6% 1
7% 1
8% 1

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

TaBLE 2. ALLOWABLE COMBINATIONS OF GROUP REACTION MATRICES

Combi- =CH, -H x
nation T T > Wg > kg > Lg
No. G, G, G, G, G; Gq G, Gy
1 1 1 1 1 27 27 1 1 —2 0 2
2 3 1 1 1 27 27 1 1 —4 1 2
3 14 1 1 1 27 1 1 1 0 0 2
4 16 1 1 1 27 1 1 1 —2 1 2
5 3 3 1 1 27 27 1 1 —6 2 2
6 3 14 1 1 27 1 1 1 -2 1 2
7 3 16 1 1 27 1 1 1 —4 2 2
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TABLE 3. ELEMENTARY REACTIONS IN THE FIRST

STEP OF THE OVERALL REACTION

No.» Created intermediate £ Remark
la CH,-CH,+H,+2; 3 Associative mechanism
. 4 (first step; adsorption
of ethylene)
Ib CH,=CH,+2H+ 2, 3 Associative mechanism
* (first step; adsorption
of hydrogen)
lc CH,-CH,+H+2; 5 Associative mechanism
* + (second step)
2 CH=CH,+H+H,+2, 3 Dissociative mecha-
* * nism
3 (]Hg—(’]H2 +H,+ 34 2 Precursor of la and lc
|

*

4 CH2=(jH+H+H2+3,; 2 Precursor of 2
I

*
5 CH=CH+2H+H,+2; 5 Direct dchydrogena-
!

* tion

6 HYH*HAC-CH,+H+3;
|
£

(<))

Redundant exchange
of hydrogen atoms

7  CH=CH+2H, +3; 4 Adsorptive dehydro-
+ genation

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

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

1%S1’-CH2-CH2-S1"% + 1%S1"%+ 1%S1’+ + 1«xH-Hx* (9)

where Sl’ denotes an active site (%), whereas * implies
a delimiter for molecules and an equation.

Completion of Reaction Network

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

Figure 7 shows an example of the output format
of A/GRACE for the reaction in Eq. 1 under severe
restrictions. In this case, no radical has been allowed
except for active sites, as usually postulated by cat-
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[ATREACTANT(1) 1HS1 %+ 19510 @+ 1281 s+ 18S 105+ LaCr2=CH23+ Lot~ Hst

PRODUCT(2) 1HSL A+ INHSL %+ 136S L s+ 1345 V36+ 17 CHI-CHIpit
[BJINTERMEDIATES
1 IHS1 41351 #+1RSL/ R1RS ] ¥+ LNCHR=C A5+ Lk =130 8
2 IHST/X+INSLIKFIRSLV H+1RS] ' #+1RCHI-CH3nut
3 1¥S1’-CH2-CH2- Sl‘:+l¥51'*+1451'»+1éﬂ Hitsr
i 1HST'H¥+1XS1/ H¥+1RS1 &+ 1%S1 ' ¥+ 1%CH2=CHA R
5 1%#S1'-C ”H?ml*Sl'rl,eﬂ;esp;unss]';u],;ul Hist
o 1851’ =CH2-CH2=-51"%+1%S1  Hst+ 1351 Hart
? 13#S1/=CH=CH23+ 1351 "HX+ 13851 VHE+13%S1 " Hitse
a8 1#S1'=CH=CH-S1 ! #+1%#S1/ Hit+1%S1 Hit+ 1itH-Hie
9 1%S1'=CH2-CH33+1#S1 ' HR+1#S1 1%+ 1251 '
10 1881 =CH=CH-S1"st+10S1 " #+ 1 %S 1 S+ L aH=Ht+ UH-H3s
MROUTE= 5 ISTEP= 4 NRTST1= 3
[CIREACTION RoUTE
ROUTE STEPS IDABCK JOINTED STEP
ROUTE, STEP C L0200 320 4)¢
1 COMPLETED 4 2 Q 0 3 ] 9 2
2 JOINTED 2 3 1 - 2 1 4 6 0 0
3 JOINTED 2 z 4 = 2 1 5 7 ¢ 0
4 DEAD END 2 5 v [} 4 7 ¢ 0
5 DEAD £\D 3 5 c - 0 5 8 10 Q
Fig. 7. Computer output of reaction network of

catalytic hydrogenation of ethylene.

[A] Intermediates 1 and 2 denote the canonicalized
formulas of the overall reactant and product,
respectively.

[B] Intermediates No. 3 to 10 which appear in the
network.

[C] Description of the network. Captions at the
right of ROUTE No. imply the sequence of
elementaly reactions.

For example,

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

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

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

1 CH=CH,+ H,
—
3 (|:H2-c|:H2 +H, 5 CH=CH,+ H+ H;

v
* | * * \
4 CH=CHj+ 2H+ 7 CH CH; +3H
‘//"
6 (‘IHZ-(':Hz'f 2I;l 8 CH CH" 2H Hz

[ % * *;* -x-
9 CI:HZ'CH:g*}"l 10 lCH =CH+2H;
* \* * el!-
2 C}43_(:H3

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

alytic chemists. This output has been interpreted into
a more readable form in Fig. 8, where two prevailing
reaction schemes can be found. The left-hand route,
1, Bor4),6,9, and 2, represents the associative ad-
sorption mechanism for the hydrogenation by Horiuti
and Polanyi,® whereas the right-hand route, 1, 5, 8,
and 10, represents the dissociative adsorption mech-
anism for isotope cxchange between ethylene and
hydrogen proposed by Farkas and Farkas.?)
The computation time to prepare the complete

network amounted to 21 s on a HITAC 8800.
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Option of Restrictions in A|GRACE System. Nu-
merous intermediates were produced even in the simplest
system like that mentioned above, and hence the
careful selection of restrictions is necessary to avoid
the appearance of unrealistic, or thermodynamically
unstable, molecules in intermediates. For example,
no triple bond may be expected in the hydrogenation
of ethylene, and no cyclopropene would be produced
during the pyrolysis of propane. Only chemical
knowledge and the experience of chemists will create
a reasonable reaction network for a given reaction
with the aid of the optimum selection of restrictions.

The author is grateful to Dr. Makoto Misono for
his valuable discussion and to the Computer Centre
of The University of Tokyo for the computation on
a HITAC 8800.
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Chemiionization of excited mercury atom with 253.7 nm irradiation was studied. Results on the system

Hg-N, previously reported were further confirmed.
of Hg atoms with 253.7 nm irradiation.

It was found that CH, can also induce chemiionization
The dependence of ionization current on CH, pressure and light

intensity was investigated, the ionization current being found to be proportional to the square of light

intensity and to increase with increase in CH, pressure up to 30 Torr, reaching a constant value.

N, and

CH, are considered to show a similar behavior in ionization current against pressure and light intensity, and
other substances such as H,, He, CO, NO, Ar, C,H,, and l-butene to give no appreciable ionization current.
Thus the mechanism in which chemiionization proceeds through the collision of Hg(3P,) with Hg(®P,) is

further confirmed.

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

Hg(*Py) + Ny — Hg(®Py) + N,
Hg(*Py) + Hg(®Py) + N — Hgy* + N,,
Hg,* —— Hg,* + ¢~

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

Experimental

Apparatus and Procedure. Vacuum line and gas han-
dling system are conventional ones. For irradiation of
253.7nm light a commercial germicidal lamp (Toshiba
10 W) was used. The reaction cell and optical arrangement
are schematically shown in Fig. 1. A fused quartz reac-
tion cell was furnished with three windows of 20 mm¢, two
Pt plane electrodes (5x10mm) for ion collection being
placed inside parallel to each other 10 mm apart. Exciting
light was focussed with a fused quartz condensor lens
through a 5 mm¢ hole defined by Al foil in front of the
reaction cell to prevent exposure of the electrodes from
253.7 nm radiation. Photoionization in the Hg-N, system
is due to neither ejection of photoelectrons by direct ir-
radiation nor impact of metastable mercury atoms (Hg(®P,))

M—{PM [— AMP

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

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

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

Materials. Two kinds of N, (stated purity 99.999%
from a glass bottle; stated purity 99.99% from a cylinder)
were used. The latter was used after passing through a
molecular sieve column cooled at liquid nitrogen tempera-
ture. Neither of these N, shows appreciable difference in
ionization current in the experiments under comparable
conditions. Other gasses (CH,, Ar, H,, He, CO, NO,
C.H,, and 1-butene) were used from commercial glass
bottles without further purification.

Results and Discussion

1. Collection Efficiency of Ionization Current. The
relationship between photoionization current and ion
collecting voltage has been studied by many workers,
its main feature being summarized by von Engel.9)
At an insufficient voltage the recombination process
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of the ion pair formed competes with the ion collecting
process at electrodes, resulting in incomplete ion col-
lection. With increase in voltage, the collecting ef-
ficiency of ions increases, approaching a saturated
plateau value. In the plateau region, all the ions
formed in the effective electric field can be collected
without appreciable recombination, and the total rate
of ion formation under the present experimental setup,
R,,, (in number of ions per s) is expressed by the simple
formula

Rexp = i/e>

where ¢ is the total ion current in A measured at the
saturated voltage, and ¢ is elementary charge in C.

We measured the ionization current, DG voltage
being varied from 10 to 150 V, keeping the pressure
of N, constant (3.2 and 23 Torr). Saturation of cur-
rent is established when 80—120 V is applied, and a
higher voltage is required for a higher N, pressure.
Under the present experimental conditions, the multi-
plication effect of electrons can be neglected, since the
first Townsend coeflicient is extremely small (ap-
proximately 7x10-%8 at N, pressure of 1 Torr and
applied voltage 100 V).9

2. Ionization Current and Concentration of Hg(3P,)
against N, Pressure and Quantum Yield of Ionization.
Since it has been pointed out?35 that the ionization
of Hg is closely related with the formation of Hg(®Py),
we attempted the determination of ionization current
and concentration of Hg(®P,) (denoted as N, hereafter)
under the same experimental conditions varying the
pressure of N,. As Fig. 2 shows, the variations of
ionization current and N, vs. N, pressure behave in
a similar way. The N, pressure dependence of ioni-
zation current would not be expected to be completely
the same as that of N, (Sec. 6). It was confirmed
that the application of DC voltage across electrodes
does not affect N,.

Under the present conditions we can assume that
all the input photons of 253.7 nm light are absorbed
by mercury atoms in the reaction cell, and determine
the quantum yield of ionization by actinometry.
Actinometry was carried out in the system Hg-N,O
(100 Torr)-C,Hg(60—100 Torr), the total number of

60
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Fig. 2. Simultaneous determination of ion current and
concentration of Hg(®P,) vs. N, pressure in N,-Hg
system.
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input photons per s (described as fa,,, hereafter) being
found to be 5.0x10¥s-l. The quantum yield of
ionization (¢=R,, /]a,,,) is thus in the range 10-%—
10-4, depending on the pressure of N,.

3. Relationship between Ionization Current and Light
Intensity in the Ny—Hg System and the Effect of Hg Pressure.
Ionization current was measured varying light intensity
with neutral density filters of fused quartz in the range
39—1009, at pressures of 1, 5, and 9 Torr of N,. The
ionization current was found to be proportional to
the square of light intensity (Fig. 3), in line with the
results reported by Houterman,? and Berberet and
Clark.?

n'slope
1 No=STorr n=19
2Ns=1 =20/,
120+ 3 N5 "”‘?’./ ® N,=9Torr
/75 4 Np=t
@ U '/
= & v N;=5
8 100t / /
S B s A
] .
2 Y
- 8or 3w (x200)
o 0 1
g log 1/1o
3 60l
(8]
o
Q
™ a0
2.0+
/:
0 1 !

50 100
Relative light intensity (%)

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

Dependence of ionization current on Hg pressure
was studied only semiquantitatively, since the actual
pressure of Hg in the reaction cell was not measured.
We measured the ionization current keeping the
mercury reservoir at 0 °C  (reported Hg pressure,
1.85x 10~4 Torr), room temperature 24—25°C (Hg
pressure: 1.7x10-3Torr at 24 °C) and N, pressure
10 Torr. The observed ionization current at 0 °C of
mercury reservoir is about one third of that at room
temperature. We may interpret this decrease of
ionization current at 0 °C in terms of the decrease of
radiation imprisonment due to the decrease of Hg
pressure.

4. Chemiionization of Excited Mercury Atom in the System
CH—Hg. In the proposed mechanism of chemi-
ionization it has been assumed that the ionization
takes place through the collision of Hg(®P;) with Hg-
(3Py). If this is valid, CH, could also induce chemi-
ionization of mercury atom, since CH, has a relatively
large rate constant to produce Hg(®P,) from Hg(®P,),
and a small rate constant to quench Hg(®P;) and
Hg(®P,) to ground state (Table 1).8) Actually we find
CH, gives an ionization current under 253.7 nm ir-
radiation, the magnitude being 1/50—1/100 as com-
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pared with that for N,. Dependence of ionization cur-
rent on the pressure of CH, has a feature similar to
that for N,(Fig. 4), its dependence on light intensity
being of second order. We also investigated H,, CO,
NO, Ar, C,H,, and l-butene-Hg systems. However,
none of them gave any appreciable ionization current
in the experimentally detectable limit (less than 10-11 A)
under conditions similar to the cases of N, and CH,.

5. Effect of NiSO, Solution Filter. The problem
is whether radiation other than 253.7 nm light might
participate in the chemiionization in view of the finding
that the ionization current is proportional to the square
of light intensity. An experiment was carried out with
irradiation of 253.7 nm isolated from total radiation
of the low pressure mercury lamp using a NiSO,
solution filter.”? Reduction of ionization current to
339, was observed, but it is due to the absorption of
light at 253.7 nm by the filter. The pressure depend-
ence of current is similar to that without filter. We
may conclude that no direct radiation other than
253.7 nm light contributes to the chemiionization.

6. Reaction Mechanism of Chemiionization. The
fact that the ionization current is proportional to the
square of light intensity is a strong support for the
assumption that two excited mercury atoms(Hg(®P,)
and Hg(®P;)) are involved. Since only N, and CH,
are known to induce chemiionization, and both have
relatively large cross sections to generate Hg(®P,) from
Hg(®P,), it is certain that one atom of Hg(®P,) is at
least involved in the ionization. The pressure depend-
ence of ionization current is closely related to that
of N, in the case of N,. Simultaneous determination
of ionization current and N, us. CH, pressure was
not possible for the case of CH,, since N, is too small.
However, the general feature of pressure dependence
of ionization current is similar to that for Hg—N, system

(Fig. 4).

35

30

25+

Ion current (10%ion/s)

I 1 1 L L
o} 10 20 30 40 50

CH; (Torr)

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

The steady state concentrations of Hg(®P;) and
Hg(®P,) are expressed in respective rate constants ac-
cording to the following reaction schemes:

Ia
Hg(1S,) -+ /»(253.7 nm) — Hg(*P)),

Chcmiionization of Excited Mercury Atom with 253.7 nm Irradiation 17

k
Hg(°P;) —— Hg(iS,) + hu,

k1
Hg(*P;) + M —— Hg(°P,) + M, (1
k
Hg(’P,) + M —— Hg('S) + M, 2)
k
Hg(*P,) + M —— Hg(1S,) + M, 3)
ks
Hg(°P,) —— Hg(1S,), (4)
(at wall)
k
Hg(°P,) — Hg(1S,), )

(very small)

where Ja is the number of photons absorbed per cm?s,
k. is effective radiative decay constant of Hg(®P,);
ki, ks, ks, are quenching rate constants of excited atoms
by M, k, is diffusion rate to wall at unit pressure (1
Torr) and k; is the disappearing rate of Hg(°P,) by
quenching by impurity and/or radiative decay. We
can express N, (steady state concentration of Hg(®P,))
and N, by the steady state treatment as follows, neglect-
ing the disappearance process of the excited mercury
atoms by chemiionization, since the quantum yield
of chemiionization is very small:

Ny = Iaf(ke+ (ky +£2) [M]), (I
and

Ny = Niky[M]/ (ks[M]+ko/ P+ k),
where P is the total pressure in Torr.

As Berberet and Clark® assumed, we may assume
the following two step lonization mechanism, if the

(1I)

chemiionization takes place through the collision
between Hg(3P;), Hg(3P,), and M,
k
Hg(P) + Hg(P) + M — He* + M, (6)
ks
Hg,* — Hg,* + €7, ™

and the rate of ion formation, R(in number of ions
cm~3s1) is given by
R = ¢la = ksN;Ny[M]
= kike[M]21a%/ (ks + (ky + ko) [M1)? (ks [M] + &o/ P+ k).
(11T)

Berberet and Clark assumed the two step mechanism,
considering the fact that the lifetime of Hgy* is of the
order of ms. The pressure dependence of 7 is almost
similar to that of N, in the system N,-Hg(Fig. 2).
However, Eq. III indicates that ¢ is proportional to
N, and the concentration of third body as well as N,.
In the case k> (k;+k,)[N,], Ny would be independent
of the concentration of N,, and the behavior of ¢ may
be similar to that of N,.

Under the high concentration of N,, R=kkcIa%/(k,+
ko)2(ks[M]+ky/P+k;), and we may expect a linear
relationship between 1/R and the concentration of M.

In order to evaluate the approximate ratio of the
ionization current in the presence of a certain substance
M to that for N,, we derive the following equation
from Eq. III, assuming kg, is equal to As,,,

o ( ky M) >2<kf+<k1,N2+k2,Nz>[N2] >
N =\, xalNa] / \ Feet (bt Fo a0 [M]

( ka.Nz[Nz] +k4/P+k5 )
ks, u[M] +ky/P+ ks

(IV)
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TaBLE 1. RATIOS OF IONIZATION CURRENT CALCULATED BY Eq. IV AND USED QUENCHING RATE CONSTANTS®
oF Hg(®*P,) anp Hg(®P,) BY SEVERAL GASES
Ratio of ionization Quenching rate constants (cm?/molecule s)
current,®

in/in, ky(*P1—*Py) ko (PP —>1S,) k3 (*Py—1S,)
N, (1.0) 3.9x 10712 1.5x10-13> 1.0x10-1%>
CH, 0.18> 1.0x10-13 4.6x10-13 2.7x10-15
C.Hg 0.03> 3.3x10722 2.0x10-12 2.6x 104
C;H, 5.0x10-¢> 1.3x101 4.2x10-12 6.3x10-18
NH, 4.5x10-¢> 2.2x 101 1.7x10-1 2.4x10-13
CO, 7.8x10-5> 8.0x10-13 1.3x10-11 3.9x10-
CO 6.4x10-¢> 1.1x10-10 1.5x10-11 9.1x10-1
NO 4.6x10-8> 3.4x 101t 1.5x10-10 1.7x10-1°
H, 1.9x10-8> 5.4x10-12> 1.4x10-10 1.1x10-10
C.H, 9.9x 10> 8.1x10-11> 2.4x10-10 6.5x10-1°

a) Since k, x, and £, x, are given as upper limits, all the calculated ratios should be understood as upper limits.

In calculating the ratios, we used the values of the
rate constants given in Table 1, 2 x 105 s~ for k;(calcu-
lated according to the Milne-Samson formula®), 26
Torrs~! for k, and 100s-1 for k5. The value of £;
is not definite, but it would not cause serious errors
in calculating the ratios since the magnitude of k;
is small as compared with that of k;,[M]. The
calculated upper limit of the ratio, ‘om./in, is 0.18,
while the experimental value of icu,/in, at 10 Torr is
0.005, no measurable ionization current being observed
for the other compounds(H,, He, CO, NO, C,H,,
Ar, and 1-butene). From Table 1 we may expect
C;Hg to induce the chemiionization current in a mea-
surable amount.

We observed the decrease of ionization current in
the system N,-Hg at 0 °C as compared with that at
room temperature. We have estimated the ratio of
ionization current at 0 °C to that at room temperature
(24 °C) using Eq. III. We assume that [N,] and the
rate constants defined above except k; are almost the
same at 0 °C and 24 °C, and interpret the decrease of
ionization current at 0 °C in terms of the decrease of
effective radiative decay lifetime(1/k;) of Hg(®P,), viz.,
the decrease of radiation imprisonment. The calculat-
ed values of £; at 0 °C and 24 °C are 2x 10® and 2 X
105571 respectively. We obtain N, and N, at two
temperatures as follows; N;: 1.5x10% at 0°C and
3.4x10%atomcm=3 at 24 °C, and N,: 4.3x101 at
0°C and 9.5x 10" atom cm=3 at 24 °C. Using these
values of N; and N, with Eq. III, we obtain the ratio
of the ionization current at 0 °C to that at 24 °C to
be 0.2, while its experimental value is 0.3. In this
calculation, we assumed /a in Eq. III to be the number
of total incident photons at 253.7 nm in the reaction
cell, which was determined by actimonetry carried
out at room temperature.**

7. Chemiionization of Ny~CH,~Hg System and Estima-
tion of the Rate Constant of Excimer Formation. Since
N, and CH, are the only substances known to induce
chemiionization of Hg, we studied the behavior of

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

ionization current in a mixture of N, and CH,. Since
N, has a large rate constant to produce Hg(®P,) from
Hg(®P,) and CH, has a large rate constant to quench
Hg(®P,) (more than three times as large as that of N,),
we expect that N, mainly produces Hg(®P,) and CH,
quenches Hg(®P,) in the mixture (Table 1). For the
sake of confirmation we measured the ionization current
in the mixture system varying the pressure of CH,
keeping the N, pressure constant. The total pressure
(N;+CH,+Ar) which may affect the absorption line
profile of Hg atoms and the diffusion rate of Hg(3P,)
to wall was also kept constant. Two series of experi-
ments were carried out, (a) N,, 3 Torr and total pres-
sure, 10 Torr; (b) N,, 6 Torr and total pressure, 20
Torr. If we take reciprocals of both sides of Eq. III,
we may expect a Stern-Volmer type linear relation
between 1/R and CH, pressure at constant N, and
total pressures, noting Ai.x,>ki.cn, and kscm, as fol-
lows:

l/R = (X[ksPIa®) (k3,x,[Ne] + ks, o [CHyl +ko/ P+ Ks5), (V)

where

X=(ke+ (ky N, + ko, x,) [No] + (R, 0m, + K2, 0m,) [CHLD)?/
(k1. x.[Na] + &1, cr,[CH,4]) 2~constant.

Figure 5 shows that the linear relation holds. From
the empirical values of either slope or intercept, we
can calculate &, if we substitute the values of other
rate constants for N, and CH, and of Ja into Eq. V.
We are aware of the accumulated large errors caused
by using many rate constants (k;, kix., kicme ke,
ka.ome, kaxo, ks.om,) in calculation. Our estimation of
kg from slope gives the values of 9.6 x 10-2? cmm® mole-
cules—2s~1 (series (a)) and 8.3 x 10-2° (series (b)). The
rate constant of the ternary collision (k) obtained here

may be compared with that of an excimer formation
K,

(Hg,(1,) «—Hg(®P,)+Hg(®Sy) +N,). Phaneuf e al.9
gave the values of the rate constant(ky,) reported by
several workers. They are in the range 10-30—10-2
cm® molecule-2s-1, differing from that by McAlduff
et al.1% which was exceptionally large (1.33 X 1027 cm®
molecule=2s71). The value of kg obtained here is
several times larger than £, but we consider it reason-
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Fig. 5. Plots of reciprocals of rate of ion formation

(R) vs. CH, pressure in the mixture of N,, CH,, and
Hg for 10 Torr and 20 Torr of total pressure.

TABLE 2. RATE CONSTANTS OF TERNARY COLLISION
(k¢) N THE systEMs N,-Hg ano CH,-Hg
(cm® molecule—2 s~1)

Pressure
(Torr) 3 6 10
N, 3.4x1072°>  2.8x10-28> 4.9x10-28>
CH, 1.8x10-29 2.3x10-29 4.0x10-2°
able.

The rate constant (k) can be also calculated by
means of Eq. III instead of Eq. V using the reported
rate constants and our experimental results in the
system N,-Hg or CH,—Hg. The results, given in
Table 2, increase with pressure. For the interpretation
of this pressure effect and the difference of magnitudes
of kg among N,-Hg, CH,~Hg, and N,-CH,-Hg systems
we might speculate more complex mechanism in the
ionization, but we feel better to refrain from further
discussions on this matter, because many pressure terms
are included in Eq. III. In the case of N,, the value
of k3 which is considered to be the most important in
the determination of kg is known only as an upper
limit. Thus the values of kg in the system N,-Hg
should be taken as upper limits.

8. Other Possible Mechanisms of Ionization and Energetic
Consideration. Since we have found that the ioni-
zation current is proportional to the square of light
intensity, and that at least one atom of Hg(®P,) is
involved, the following two mechanisms might also be
considered. (1) To assume the participation of one
more Hg(3P,) atom instead of Hg(®P,;). If two atoms
of Hg(3P,) are involved in chemiionization, the recip-
rocal of ionization current would be proportional to
the square of pressure of CH, in the mixture experiment
of N,-CH,. However, this is not compatible with
our result (Fig. 5). In addition, the energy require-
ment for ionization is less favorable with the deficiency
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Fig. 6. Energy level diagram for Hg and Hg, systems.

of 0.22eV. (2) Ionization proceeds through the
absorption of another 253.7 nm photon by an excimer
formed by the collision between Hg(®*P,) and ground
state Hg. The formation of such an excimer (1,) has
been confirmed.?’ However, it is not probable from
energetic consideration (Fig. 6) that this excimer can
be ionized by absorption of another 253.7 nm photon.
Furthermore, the absorption of 253.7 nm photon by
the excimer is less likely, since the absorption of 253.7
nm photon by ground Hg would be much stronger.

Since the ionization potential of mercury atom is
10.44 eV, the sum of energy of Hg(®P;) and Hg(®P,)
(4.8644.64=9.50 eV) is not enough to give Hg atomic
ion. It has been assumed® that the formation of
molecular ion Hg,* is more likely. Arnot and Mil-
ligan!®) observed mass-spectrometrically the formation
of Hg,* in the electron impact of dense mercury vapor,
and determined its appearance potential to be 9.5 eV.
They presumed that its formation proceeds through
the collision of Hg(*D,) generated by electron impact
with Hg in ground state, since the energy level of
Hg(1D,) is 9.506 eV above ground state and is close
to the appearance potential of Hg,*. In the optical
excitation experiments, the formation of Hg(lD,) is
not possible, and the collision of Hg(3P,) with Hg(?P)
is an acceptable process for the formation of Hg,*
from energetic consideration. Berberet and Clark
assumed the formation of an excimer Hg,* as a precur-
sor of Hg,*, considering the decay of ionization current
after switch-off of exciting light to be very slow. They
estimated the lifetime of the excimer to be of the order
of ms. So far we know nothing about the electronic
state of the excimer. However we presume that such
an excimer is in a highly excited Rydberg state, since
the energy level of the excimer should be very close
to its ionization level.

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

Hg(*Py) + Hg(*P,) —— Hg* + Hg~

would be 0.59 eV exoergic. However, Makita ef al.1?
pointed out that the value is not based on reliable
experimental measurement. They estimated it to be
0.19+0.3 eV endoergic. When we adopt this value,
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mercury ion pair formation by the collision of Hg(3P,)
with Hg(®Py) is not possible.
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In order to extend kinetic utilization of the spin-trapping techniques in radiation chemistry, p-radiolysis
of cyclohexane has been studied at room temperature using pentamethylnitrosobenzene as a spin trap. With
increasing radiation dose, the cyclohexyl radical spin adduct has been found by ESR to form and then

decay. Consumption of the spin trap has also been monitored by observing the optical absorption.

The

observed kinetic aspects indicate that the radiation-generated cyclohexyl radicals are completely trapped by
1.3 10-4—6.6 X 10-* mol dm~3 of the spin trap, and their G-value is 3.0. The spin-trapping rate constant
has been determined to be 1.6X 107 mol-1dm?® s~ at 299 K based on the reported rate constant for the reac-

tion between the cyclohexyl radical and tributylstannane.

From the optical absorption study, dimeric penta-

methylnitrosobenzene has been found to dissociate into the monomer, effective in the spin-trapping, with an
equilibrium constant of 8X10-¢mol dm~* in cyclohexane at 299 K. The monomer has an absorption co-
cflicient of 48 mol-* dm3 cm~! at its absorption peak of 790 nm.

The spin-trapping technique has been developed
recently’>? and widely used for the identification of
free radical intermediates in radiation-chemical,3-5)
photochemical,®~® and thermal reactions.?>1® A recent
photochemical study!®) has revealed the problems
inherent in this technique: the rate constant of spin-
trapping reactions varies widely,12-1") from 103 to
5% 108 mol-t dm?3s-1, they generally compete in a
complex way with other radical reactions, and spin
adduct radicals subsequently react with free radicals
to be spin-trapped.’) Therefore, knowledge of the
reactivities of spin traps and spin adduct radicals is
needed for the quantitative utilization of the technique.

The radiolysis of cyclohexane is one of the simplest
radiation-chemical reaction systems where only atomic
hydrogen and cyclohexyl radicals as free radical inter-
mediates are expected. It has been one of the most
extensively studied systems.1®-22) This appears as a
model reaction system where the validity of the spin-
trapping technique can be tested on a quantitative
base. Iwahashi et al.?® have applied the technique
to this system using N-i-butyl-a-phenylnitrone (phenyl-
t-butyl nitrone, PBN) as a spin trap and concluded
that “the utilization of the spin trap for the quantitative
estimation of products in the radiolysis of hydrocarbons
is not a very good technique.” In the present study,
the spin-trapping technique has been applied to the
radiolysis of cyclohexane by using pentamethylnitroso-
benzene (PMNB). PMNB reacts with alkyl radicals
with a rate constant two orders of magnitude greater
than that of PBN so that the kinetic aspects of the
spin-trapping are expected to be simpler for PMNB
than for PBN.

Experimental

PMNB was synthesized from pentamethylbenzene through
C4(CH,)s TI(OCOCF,),,24:? and purified by recrystalliza-
tion from acetone solution. Spectrograde cyclohexane was
used without further purification. The monomer-dimer
equilibrium and optical absorption of PMNB in cyclo-
hexane solution were studied in the manner as described
before.?®  For spin-trapping experiments, solutions of
PMNB in cyclohexane were degassed by the freeze-pump-
thaw technique at a vacuum of 1075 Torr and sealed in

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

Irradiations were conducted with 6Co y-rays at a dose
rate of 2.0—I4 krad/min at room temperature, ca. 300 K.
The concentration of PMNB and that of the spin adduct
radicals were simultaneously monitored by a recording
spectrophotometer and an X-band ESR spectrometer,
respectively.

Results and Discussion

Monomer-Dimer Equilibrium of PMNB in Cyclohexane.
PMNB dissolved in cyclohexane is in part present in
the dimeric form. Monomeric PMNB has a weak
optical absorption with a maximum at 790 nm, while
dimeric PMNB has a strong absorption band with
a maximum at 327 nm. According to the relationship,
¢/A=1/2e+ A/Ke® where ¢ is the total concentration
of PMINB, 4 is the absorbance at 790 nm, K the equili-
brium constant and ¢ the molar absorption coefficient,
K and ¢ for PMNB are determined to be 8 x 10~4 mol-
dm—3 and 48 mol-! dm?®cm~! at 299 K from the ob-
served linear dependence of ¢/4 on 4 as shown in Fig.
1. Thus, 45 to 80% of PMNB is in the monomeric
form and is effective in spin-trapping free radical inter-
mediates, when dissolved in cyclohexane at the total
concentration of 10~2 to 10~¢ moldm=2. This beha-
vior of PMINB is very similar to that reported previously

0.02
< L
; o)
0.01-
0 T I 1
0 0.005 0010 0015

A

Fig. 1. The relationship between the absorbance, 4,
at 790 nm and the total concentration of PMNB, ¢,
in cyclohexane at 299 K.
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in benzene solution.?3:26)

Radiation-Chemical Reactions of Cyclohexane Solutions of
PMNB. ESR spectra observed from the y-ir-
radiated solutions show a triple-doublet hyperfine
structure, as shown in Fig. 2, with coupling constants
of 1.40 and 0.76 mT. These have been attributed to
the spin adducts of the cyclohexyl radical. Neither
the spin adduct of hydrogen nor that of other free
radicals could be observed by ESR. The cyclohexyl
radical spin adducts decay after y-irradiation to ca.
709%, of the initial amount during the first hour, and
then remain almost unchanged. The decay cannot
be attributed to either the self-decomposition of the
spin adducts or their recombination, but is probably
due to reactions with some radiolytic products.

The dependence of the yield of spin adducts on the
radiation dose is shown, typically in Fig. 3 for a dose
rate of 14 krad/min. The yield increases at first with
the initial slope independent of the PMNB concentra-
tion in the range of 6.6x10-4—1.3x 10— mol dm3,

—ImT—

Fig. 2. ESR spectrum of pentamethylphenyl cyclo-
hexyl nitroxide (spin adduct radical) obtained from
the p-radiolysis of cyclohexane in the presence of
PMNB at room temperature.
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Fig. 3. The dependence of the concentration of the
spin adducts (O) and that of the spin trap (@),
PMNB, on the radiation dose, at the PMNB concen-
tration (A, A’) 6.6x10~%, (B) 4.4x10%, (C) 2.2x
104, and (D, D) 1.3X10~* mol dm™3,
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reaching a maximum dependent on the PMNB con-
centration, and then decreases to zero. The G-value
of the spin adduct formation determined to be 3.0
from the initial slope independent of thc PMNB
concentration. The decrease of the dose rate to 3.3
krad/min gives no change in the G-value. Thus, the
cyclohexyl radicals are believed to be effectively spin-
trapped by PMNB, and the recombination reactions
between themselves is absent at the dose rates examined.

The G-value of the cyclohexyl radical spin adducts
has been reported to be 3 for the y-radiolysis of cyclo-
hexane containing PBN as a spin trap.?® In that
case, the G-value is slightly dependent on the PBN
concentration in the range 0.1—0.01 moldm=3 due
to the low reactivity of PBN towards alkyl radicals.!?)
It is worth noting that the G-values determined by
the spin-trapping techniques are generally smaller than
the G-value of 4.0 determined by using iodine as a
radical scavenger.1?)

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

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

k
R- + T — A, )
3
R.+ A N diamagnetic product(s), (2)

where R-, T, and A represent the cyclohexyl radical,
the spin trap (PMNB), and the spin adduct, respecti-
vely. Assuming that PMNB is entirely monomeric,
the rate equation
AAY _ ke [A]
d[T]  k [T]

is readily derived and integrated as

(Al _ 1 [T] {1_< [T] )”“? )
[(TTo [TT, [TT,

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

The dependence of [A] on [T] has been experimen-

(3)

T oa—1
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Fig. 4. 'The relationship between the concentration of
the spin adduct and that of the spin trap, PMNB,
normarlized by the initial concentration of PMNB.
Theoretical curves are derived for several o values
based on the Eq. 4, and experimental results (@)
are obtained for the initial concentration of PMNB
of 1.3xX10-*moldm—2 at room temperature.

tally examined for the initial PMNB concentration,
[T]ly, of 1.3x 104 moldm=2 and the plot is shown
in Fig. 4. At this [T], value, more than 759, of
PMNB is monomeric. The plots fall in the range of
«=3 to 5. The determined value of « includes errors
due to the assumptions of totally monomeric PMNB,
and the disregard of the instability of the spin ad-
duct, but it indicates undoubtedly that £,>k,. The
assumed negligibility of the bimolecular recombination
of the cyclohexyl radicals (important when the PMNB
concentration becomes very low) and the possible ef-
fects of hydrogen atoms may also be explain the ex-
perimental plot’s derivation from the single curve
expected from Eq. 4.

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

. kg
CeHyy + (CyHg)3SnH —— CgHy, + (CyH,y)gSn-, (9)

was chosen as a reference reaction, for which the rate
constant has been reported to be 1.2 X 108 mol-1 dm3 s-1
at 298 K in cyclohexane.?) The ratio of the initial
slope of spin adduct concentration vs. radiation dose
curve in the absence and presence of tributylstannane
was found to agree with the expected linear relation-
ship,

dA] | KIS
dfA]" k[T]°
as shown in Fig. 5, where [A]’ represents the concen-
trations of the spin adducts generated in the presence

(6)
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Fig. 5. The dependence of the rate of the spin adduct
formation on the concentration of radical scavenger,
tributylstannane, in cyclohexane at 299 K.

of tributylstannane, S. The rate constant, £;, obtained
from the slope of the straight line was found to be
1.6 X 107 mol- dm®s-1. This value is smaller than
that for the spin-trapping of ¢-butyl radicals by PMNB
in benzene solution determined by using the same
reference reaction, 9 X 107 mol—! dm3 s—1,11,25)

Conclusion

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

This investigation was conducted in part using the
experimental facilities at the Research Reactor Insti-
tute, Kyoto University.
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Selectively deuterated PAA’s, PAA-d;, and PAA-d; have been studied by proton NMR from 77K to

the melting point (390 K).
for these compounds are presented.

The temperature dependences of 73, the line width, and the second moment
It has been demonstrated that PAA is in the rigid state at 77K on

an NMR time scale, and as the temperature increases the two methyl groups begin to rotate about the G,

axis, followed by libration about the C~O axis.

There is no evidence for motions of the ring protons except

self-diffusion and/or slow reorientation of the molecular axis in the higher temperature range from 286 K to

the melting point.

b,p’-Azoxyanisole  (PAA, 4,4’-dimethoxyazoxy-
benzene) is one of the most important compounds
in nematic liquid crystals and has been widely studied
by NMR.) In the proton resonance, however, it
is difficult to distinguish the two different types of
protons, i.e., the ring and the methyl protons, although
their spin-lattice relaxation times are expected to show
different dependences on temperature. Thus we have
synthesized the two selectively deuterated PAA’s,
t.e., the ring-proton-deuterated PAA (PAA-dy) and the
methyl-proton-deuterated PAA (PAA-d;), and already
reported their proton relaxation times and anisotropic
molecular motions in the nematic and isotropic liquid
states.?

In this paper the spin-lattice relaxation times 77,
the line widths, and the second moments of the two
selectively deuterated PAA’s are presented from 77 K
to the melting point. The internal motions of the
methyl protons are distinguishable from the motion of
the ring protons, and it is possible to discuss the effects
of the internal reorientations of the side chains on T
of the benzene protons of the central part of the mole-
cule.

Proton relaxation times 7; and 73, have been
studied in the solid state,® and the molecular motions
depending on temperatures were discussed. It has
been suggested that there is a question about the acti-
vation of the internal rotation around the C-O axis
for PAA in the solid state. It will be shown here that
such hindered rotation about this axis does not exist.

Experimental

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

The proton NMR spectrum was observed by an NMR
Specialities PS-60RW spectrometer operating at 55 MHz.
The temperature control apparatus has been reported in
the previous paper.? T, mecasurements were carried out
by the usual 180°-7-90° pulse sequence. The accuracy of
the semilogarithmic plot was within #+109%. To obtain
the cw spectrum the FID signal was digitized by a Bioma-
tion 1010 waveform recorder and then accumulated in a
FACOM F-PDT-8 microcomputer. The pulse width for
90° nutation was approximately 4.5 us. The sampling time
was 0.5 to 1 ps, data points were about 200 to 600 and
the accumulation was 1 to 16 times depending on the

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

Results and Discussion

The Fourier-transformed cw spectra of PAA-dg are
shown in Fig. 1. At 77 K the methyl protons of PAA-
dy show a triplet, which is the typical pattern for a
three-spin system in the rigid lattice. The spacing
between the two outer lines is 14.8 G, which agrees
well with the theoretical value of 4, where a=(3/2)py/r?
and r=1.79 A. As the temperature increases, each
line broadens, the triplet collapeses into a broad
single line at about 92 K, and then the line narrows into
another triplet with small splitting. The change of
the spectral patttern is due to the activation of the
reorientation of the methyl group about the C; axis
and agrees well with the theoretically calculated

(a) 77K

(b) 86K

(e) 92K

(d) 368K

Gauss
Fig. 1. Fouricr transformed cw spectra of PAA-d; at
(ay 77K, (b) 86K, (c) 92K, and (d) 368 K.

Throughout this paper 10* G=1T.
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(a) 77K

(b) 300K

Gauss

Tig. 2. Fourier transformed cw spectra of PAA-d; at
(a) 77K and (b) 300 K.

spectra for an isolated methyl group reported by Cobb
and Johnson.? The spectral pattern for PAA-dg
does not change significantly from 103 K to the melting
point at 390 K (117.5 °C). The temperature depend-
ences of the outer spacing of the triplet, the half line
width of the central line, and the second moment of
PAA-dy are shown in Fig. 3 (a), (b), and (c) respec-
tively. Since the second moment was calculated from
the Fourier-transformed spectrum, where it was difficult
to draw a definite base line in the technique employed
in this paper, the error was rather large, about 10 to
159, of the obtained value. This error comes directly
from the uncertainty of the base line position.

The proton cw spectra of PAA-dg are shown in Fig. 2.
As may be seen, the spectral pattern is almost unchanged
from 77 K to the melting point. The line width is
also constant from 77 to 285K, and a little line
narrowing is observed below the melting point, as
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shown in Fig. 4. The second moment of PAA-d,
in Fig. 4 also shows a similar behavior to the line width
with the change of the temperature.

In discussing the molecular motions of PAA in the
solid state, interesting points are the methyl reorienta-
tion around the C; axis and the C-O axis, the libration
of the benzene rings about the C-N axis, the molecular
overall reorientation, and the self-diffusion. It has
been suggested from the study of proton T, and T3, of
PAA,® that the reorientation of the methyl groups
about the C; axis is the predominant relaxation
mechanism between 77 and 167 K, and that the internal
rotation about the C-O axis is activated between
167 and 238 K, and in this temperature range there is
also proton cross relaxation to the nitrogen. Then as
the temperature increases the fast random molecular
reorientation and slow self-diffusion take place. In
the same paper,® however, it was written that as an
opinion of other researchers, there is a question on the
rotation about the C-O axis in the solid state.

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

3cos?0—1
a factor of (——2—
The angles COC (6) have been determined as 118.7
and 118.1° from X-ray analysis.?» However, at
temperatures just below the melting point, the second
moment is still 3.840.5 G2. Thus it is concluded that
the methyl groups do not rotate around the C-O
axis in the solid state.

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

2
) by the additional rotation.®
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The temperature dependences of (a) the spacing of the outer

lines, (b) the half line width of the central line of the triplet, and
(c) the second moment for PAA-d;.
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Fig. 4. The temperature dependences of (a) the
half line width and (b) the second moment for
PAA-d;.

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

In the calculated second moment of PAA-d;, the
intermolecular contribution is about 409%,. When the
molecular motion, which causes the change of the
intermolecular proton-proton distance, were activated,
a decreasing of the second moment should occur.
Since the second moment of PAA-d; does not change
significantly, libration about the C-N axis or the fast
molecular reorientation suggested before,® both of
which bring changes in the intermolecular ring proton
distances, can not be assumed to take place below
250 K in the solid state.

The above discussion concerning the molecular
motion of PAA can be applied to the 7, behavior
of PAA-d;, PAA-d;, and PAA. As shown in Fig. 5,
the plots of T, vs. 1/T have minimum values at similar
temperatures. This fact suggests that the motion,
which gives the T minimum, belongs to the same mode
of molecular motion for all compounds. Considering
the spectral patterns and the second moments, this
motion is clearly the reorientation of the methyl groups
about the C, axis.

T, of the reorientating methyl protons may be des-
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where r is the distance betweeen the protons within
the methyl group, and wy=2nvy, vy being the resonance
frequency of the protons (55 MHz). The condition for
the T, minimum is wy7,=0.616. In the case of the
ring protons, 77 is very long and the contribution from
the rotating CD,; becomes important. Assuming that
the 2H relaxation of the CD; groups takes place mainly
by the quadrupolar mechanism and that the correla-
tion time for the reorientation of CDj is the same as
that for CH,; of PAA-d; at the same temperature, then
the magnetic relaxation of the deutrons of the CD,
is much faster than that of the ring protons by about
10% in the vicinity of the 77 minimum. Theoretically,
the non-resonant spins contribute to the relaxation of the
resonant spins.?) In this case, however, the relaxa-
tion rate of the non-resonant deuterons of CD; is so
large that it may be assumed that the effect of the
magnetization of CD; on the dipolar relaxation time
T; of the ring protons may be neglected. This dipolar
relaxation time T directly arising from the rotating
CD; in the weak collision limit, may be written as®?)

(T = TP+ )30
1 Te 3 Te
% (_2— 1+ (og—wp)?7i +—2— 1+ wiz}
37,
T T onton)e: ) @

where w,=2nv;, and »;, is the 2H resonance frequency,
yp and I, are the gyromagnetic ratio and the spin
quantum number of dcuteron, and r;; is the distance
between the ring proton i and the deuteron j of the
intra- and intermolecular CDy groups, and N, is the
number of the ring protons. In Eq. 2, the condition of
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the minimum 7 is 7,=2.7x107%s (»u=>55.0 MHz).
Using the proton-proton distances for PAA obtained
from X-ray analysis, Eq. 2 gives (77 jin)ring=3-85,
and the observed value is 6.4s, approximately 60%,
of the theoretical value. On the other hand, the cal-
culated (77 1,) metny1=31 ms, compared to the observed
value of 76 ms, about 409, of the theoretical value.
In both cases the observed T ., is longer than the
calculated one. As described later, the agreement is
considered satisfactory, and it can be said that the
T mia Of the ring protons is interpreted by the rotation
of the neighboring CDj; groups.

The discrepancy between the observed and the
calculated Tj ., has already been reported for the
hindered rotation of the methyl group in an isolated
system, and interpreted by Johnson'® as the following:
oscillations of the methyl group, occuring in the re-
orientation through large angles, partially average
the dipolar Hamiltonian and the efficiency of the
nuclear relaxation is reduced, leading to a longer
T, than given by the theory. Furthermore, it has
been also shown that if there is cross-correlation,
the relaxation is not a simple exponential decay and
T, obtained by the half-recovery method becomes
longer. In our experiments, non-exponential decay
for the relaxation of all the compounds studied was
not observed, but the discrepancy was a little larger,
compared with the simple methyl compounds studied
by Johnson. This is attributed to the coupling of the
internal rotation of the methyl group about the C,
axis with another molecular motion. In point of fact,
the second moment of PAA-d; is smaller than the value
of the isolated rotating methyl protons at this tempera-
ture.

As given in Table 1, the activation energies obtained
from the slopes of log T; vs. 1/T plots are similar for
PAA, PAA-d,, and PAA-d; in both the low and high
temperature sides. This is another reason why
the same mode of the molecular motion affects T;’s
of the ring protons as well as the methyl protons. The
correlation time 7, was obtained from 7 according to
the equation T=7,exp (E,/RT). The values of 7, for
PAA, PAA-d;, and PAA-d; in Table 1 are reasonable for
the rotation of the methyl group about the Cj axis.11:12)
The small deviation of 7, for PAA-dg is probably due
to the assumption contained in Egs. 1 and 2.

In order to explain the value of 7;_,, and the
slight narrowing of the second moment of PAA-d;
from about 100 K to the melting point, some additional
process of molecular motion is necessary besides the
reorientation of the methyl group about the C, axis.
From the study of T; and Ty, of PAA, it has been sug-
gested that in the temperature region between 167
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and 238 K, the slow rotation of the methyl group about
the C-O axis is activated. However, there is not a
clear change in the second moment of the methyl
protons of PAA-dg, corresponding to the dual reorien-
tation of the methyl group. The second moment of
PAA-d; decreases gradually from 6.0 to 3.8 G2 in the
temperature region betweeen 100 K and the melting
point. Thus, the slow libration about the C-O axis
may be considered, after the reorientation of the methyl
group about the C; axis is activated. The effect of the
libration on the second moment of the ring protons of
PAA-d; is estimated as being negligible, although the
second moment decreases from 6.2 to 5.8 G% near the
melting point. Thus some other molecular motions are
necessary to understand the narrowing.

Above 286 K (1/T=3.5x10-3), a large change ap-
pears in the T, of PAA-d,. When the temperature in-
creases, I; is nearly constant until 364 K, and then
T, decreases sharply until the melting point. In this
temperature range, however, the second moment and
the line width decrease only to a small extent, and the
spectral pattern does not change at all. Such change
is not apparent in T, for the rotating methyl protons of
PAA-d;, but the line width and the second moment
of this compound decrease to nearly the same extent
as those of PAA-d;. These facts suggest that motion
of the whole molecule takes place at these temperatures.
For such motion, the self-diffusion and the reorienta-
tion of the molecular axis have been assigned from the
study of T; and Ti, of PAA.® It should be noted
that the motion of the whole molecule begins at tempera-
tures about 105 K below the melting point. This
wide temperature region for the self-diffusion and the
molecular reorientation, even in the solid state, charac-
terises the nematic liquid crystalline compound PAA.

Assuming that the relaxation mechanism for T3
of PAA, PAA-d;, and PAA-d, is the dipole-dipole

interaction,

( 1 _ _8_( 1 ) " 6_( 1 n 1
Tl )PAA 14 1/PAA-dg 14 Tl )PAA—da (T;>

3)
then, 1/T is the relaxation rate mainly due to inter-
actions between the ring and the methyl protons and
a small contribution from the interactions of the protons
with deuterons. On the low temperature side of the
T, minimum, 1/7;" is negeligibly small within experi-
mental error, while on the high temperature side,
1/T," has a value larger than the relaxation rate of
PAA-d; at all temperatures. The gradient of the
log T)" vs. 1/T plot has almost the same as that of
log Ty vs. 1/T for PAA, PAA-d;,, and PAA-d; which
are shown in Table 1. Then the molecular motion

TaBLE 1.
Activation energy(k]J/mol)
Compound Ty mia(s) Temp(K) 74(10-13 5) N
Low temp High temp
PAA 0.11 159 1.9 12.1(=0.7) 14.3(=0.4)
PAA-d, 0.076 154 1.7 11.5(=#1.5) 15.0(*1.9)
PAA-d; 6.3 165 6.4 11.8(+0.2) 13.6(=+0.6)
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which governs the temperature dependence of the
interaction between the methyl and the ring protons
in PAA is the same as that for the ring protons of PAA-
dg, which is considered to be the reorientation of the
methyl groups and the motion of the whole molecule.

In conclusion, at 77 K PAA is in a rigid lattice in
an NMR time scale, and as the temperature increases,
the methyl groups begins to rotate around the Cj
axis, followed by slow libration about the C-O axis.
The other motions which change the relative position
of the ring protons do not occur until the molecular
overall motions, which may be self-diffusion and slow
reorientation of the molecular axis, start to take place

at 286 K.
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Study of Metal-Polycarboxylate Complexes Employing Ion-selective
Electrodes. I1.” Stability Constants of Copper(II) Complexes
with Poly(acrylic acid) and Poly(methacrylic acid)

Fumitaka YawmasHrra,* Tsuyoshi KomaTsu, and Tsurutaro Nakacawa
Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060
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The copper(II) complex formation with poly(acrylic acid) and poly(methacrylic acid) in aqueous solu-

tion was studied by potentiometric titration employing glass and copper(II) ion-selective electrodes.

The

values of the equilibrium constants of the complex formation and the stability constants were estimated in

various degree of neutralization.

Since the concentration of free copper(II) ions could be determined by em-

ploving the copper(Il) ion-selective electrode, the concentrations of two complex species, involving one and

two carboxylato groups, were determined from stoichiometric equations.

The equilibrium and stability con-

stants of the complexes obtained were observed to pass through peaks with increase in the degree of ncutral-

ization.
that of the polymethacrylate complex.

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

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

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

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

The order of magnitude of the equilibrium constant of the polyacrylate complex was larger than

Experimental

Materials. The preparation of all matcrials uscd was
described previously.1-®

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

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

Results and Discussion

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

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

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

[Cu;] == [Cu**] -|- [CuA*] 4 [CuA,],
[A:d = [A7] + [HA] + [CuA+] + 2[CuA,],

where [Cu,] is the total concentration of copper(1I)
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ions and [A,] is that of carboxylato groups. In these
equations, the values of [CuAt] (designating the
concentration of monocarboxylato copper(11) complex),
of [CuA,] (that of dicarboxylato complex), and of
[A-] (that of nonchelating carboxylato groups) are
unknown. In the present paper, the concentration of
free copper(II) ions, [Cu2t], can be determined by
potentiometric measurements employing the copper(II)
ion-selective electrode. But these equations cannot be
solved stoichiometrically without the estimation of [A~]
based on some assumption.

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

In Figs. 1 and 2, the values of [CuA*] and [CuA,]
obtained by the above method are plotted against the
apparent degree of neutralization o’. In Fig. 1, the
results for the copper(II)-PAA system (9.9x10-3
monomol/l PAA; 1.0 x 1073 mol/l Cu(NOy),, and 1.0 X
101 mol/l KNQ;), and in Fig. 2 those for the cop-
per(IT)-PMA system (1.0x10-2 monomol/l PMA,
1.0 x 10-3 mol/l Cu(INOy,),, and 1.0 x 10~ mol/l KNQO,)
are presented. As shown in these figures, the concen-

(Cua) and CuA,) XI0Fmot-I ™

1 1
OO 02 04

1
06 Q 4

Fig. 1. Dependence of the concentrations of monocar-
boxylato and dicarboxylato copper(II) complexes,
[CuA+t] (O) and [CuA;] (@), on the apparent degrce
of ncutralization o’ for PAA system.
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Fig. 2. Dependence of the concentrations of monocar-
boxylato and dicarboxylato copper(II) complexes,
[CuAt] (O) and [CuA,] (@), on the apparent degree
of neutralization «” for PMA system,
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trations of the monocarboxylato complex are found to
be significantly high, though the values of [CuA+]
are relatively small compared with [CuA,]. As the
degree of neutralization increases, the concentrations
of the two complex species, [CuA*] and [Cul,],
increase and reach maxima in both systems, PAA and
PMA. The values of the degree of neutralization of
PAA at which the complex concentrations reach a
maximum are 0.35 for [CuA,] and 0.45 for [CuA+].
In the case of PMA two maxima are observed; their
degree of neutralization values are 0.27 and 0.43 for
[CuA,], and 0.35 and 0.60 for [CuA+].

It is very interesting that maxima are obtained
in the potentiometric measurements. In  most
studies® 7919 of spectrophotometric measurement it
has been observed that the absorbance due to the
copper(II) complex with carboxylato groups increases
and passes through a maximum with increase in the
degree of neutralization, and that the value of the
degree of neutralization at the maximum of the absorp-
tion is about 0.3 to 0.4 for systems composed of similar
concentration ratios. In the study of Mandel and
Leyte,” it is shown that the disagreement between
the spectrophotometric and the potentiometric results
appears in the region of higher degree of neutralization.
In such a neutralization region, the absorbance due
to the complex formation begins to decrease, whereas
the formation curve by potentiometry shows constant
or increasing values. In the present study, however,
the variations of [CuA+*] and [CuA,] against the
degree of neutralization show a decreasing tendency;
this fact is similar to the spectrophotometric results.
Therefore, potentiometric data also show that the
monocarboxylato and dicarboxylato copper(II) com-
plexes are partially broken or change in favor of
some other form of binding with increase in the degree
of neutralization. Since the concentration of hydrox-
ide ions as ligands increases in the high neutralization
region, some carboxylato ligands may be released and
the concentrations of the complexes may decrease.

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

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

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

TaBLE 1. STABILITY AND EQUILIBRIUM CONSTANTS OF

Cu(IT)-PAA COMPLEXES

o B B B, By
0.00 9.3x10t 3.8x108 6.5x10-¢ 1.3x10-5
0.05 2.0x10% 3.7x10% 5.1x10 9.9x10-¢
0.10 1.9x 102 7.2x10° 7.8x10—4 1.4x10-°
0.15 3.0x102 9.5x10°% 9.5x 10— 1.5x10-5
0.20 4.1x102 1.4x108 1.4x10-3 1.8x10-%
0.25 8.2x102 2.0x 108 1.3x10-3 1.9%x10-5
0.30 1.3x103 2.8x10¢ 1.3x10-3 1.8x10-5
0.35 2.5x108 3.7x108 1.1x10-3 1.6x10-5
0.40 4.4x108 4.7x108 9.6x104 1.2x10-5
0.45 7.3x108 5.9x 108 7.9%x 10— 8.3x10-¢
0.50 1.1x10¢ 8.0x 108 7.2x10-¢ 7.4x10-¢
0.55 1.5x10¢ 1.2x 107 6.7x 104 6.7x10-¢
0.60 1.7x104 1.7x107 6.6x104 5.2x10-¢
0.65 9.7x108 2.5x107 7.0x10-¢ 4.8x10-¢
0.70 3.5x10% 4.0x107 7.3x10— 4.3x10-¢

The parameters §;, f,, B, and By’ in the table will
be discussed in some detail. When the concentration
of nonchelating carboxylato groups is estimated, the
effect of the change in the electrostatic potential on
the polyion is considered in the reference plot method.
The stability constants of the momocarboxylato and
dicarboxylato complexes, 8, and B, apparently vary
with increase in the degree of neutralization. In the
estimation of such a constant of polymer systems,
therefore, it seems that the variation of the charge
density on the polyion must be taken into account,
as is shown in the series of these constants.

Then, consider the following equilibrium equation
and constant:

CuA,][H+]?
Cu*t + 2HA = CuA, + 2H*+, B, = _[[cuzﬁ]%?'
Since the complex formation on the polyion is described
as an exchange of copper(Il) ion with two hydrogen
ions, the total charge on the polyion remains unchanged
by the chelate formation. Then, the B, without the
effect of the change in the charge density may be
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TABLE 2. STABILITY AND EQUILIBRIUM CONSTANTS OF
Cu(II)-PMA COMPLEXES

o B B. B, By
0.00 1.0x10* 4.9x10°> 4.8x10-5 1.0x10-¢
0.05 1.9x102 1.6x108 1.1x10-¢ 2.2x10-¢
0.10 2.9x10*2 2.6x10®8 1.3x10-¢ 2.5x10-8
0.15 6.4x10® 3.3x10% 1.2x10¢ 2.5x10-¢
0.20 1.2x10% 4.0x10¢8 1.0x10-¢ 1.6x10-¢
0.25 3.4x10®% 5.3x108 8.3x10-5 1.3x10-¢
0.30 8.0x10® 9.3x10¢ 6.6x10-5 9.5x10°7
0.35 1.5x10¢ 1.2x10¢ 5.5x10-% 7.3x107
0.40 1.8x10¢ 1.6x107 5.4x10-% 7.0x10°7
0.45 2.1x10¢ 1.8x107 5.3x10-% 6.0x107
0.50 2.4x10¢ 1.8x107 5.0x10-® 4.8x10-7
0.55 4.0x10* 1.5x107 4.0x10-5 3.3x1077
0.60 6.0x10¢ 1.3x107 3.2x10-5 2.8x10-7
0.65 7.5x10¢ 1.5x107 1.8x10-5 1.8x10-7
0.70 7.3x10¢ 2.2x10" 2.8x10-% 1.7x10-7

constant values of B, were not obtained.

On the other hand, the following equilibrium equa-
tion and constant have been proposed by Wall and
Gill:1)

[CuA,][H*]?
[Cu**][HA,]"

The results by this scheme with the relation of [H,A,] =
1/2[HA] are shown in Table 1, and the values of B,’
still failed to be constant.

In all ways of evaluating the constants, no constant
values independent of the degree of neutralization
were obtained, but orders of magnitude of the constants
may be estimated as 108 for 8, and 10-3 for B, in the
copper(II)-PAA system.

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

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

Cuz+ + H,A, = CuA, + 2H*, B, =

constant. As is shown in Table 1, the sufficiently transition must be considered not only by acid dis-
TABLE 3. COMPARISON OF STABILITY AND EQUILIBRIUM CONSTANTS WITH VALUES OBTAINED BY SOME AUTHORS
[A:] [Cug] u Constant Ref.
1x10-2 1x10-3 0.1(KNOy) B,=7x10~ by present analysis
1x10-2 1x10-3 0.2(NaNQ,) B,=4.6x10-3
Cu(l1)-PAA 2.5%10- 2% 10~ 0.925(NaNO,) Bo=1.5% 10~ 12
2% 10-3 2% 10-¢ 0.1(NaNOy) B,=4x10- 13
1x10-2 1x10-3 0.1(KNOy) B,~10* by present analysis
Cu(II)-PMA 2 10-2 2 10-3 0.1(NaNOy) B,=2.5x10-4
5.5 10-2 4.4%10-4 0.1(NaNOy) B,=2.5x 104 14
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sociation but also by chelation and the other steric
factors.

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

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

On the basis of these results and the X-ray

diffraction data, molecular packing models in the condensed monolayers were proposed.

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

The present paper has two main objects. First,
monolayer studies of (R)-12HOA® are described in
detail, since such studies have hitherto not been pub-
lished. Next, the monolayer data for the chiral form
and the racemic form are compared.

Experimental

Materials. (R)-12HOA was purified from commercial
products as previously described. The S-enantiomer (the
S-acid) and the racemic acid (the dl-acid) were prepared
by the methods described previously from the methyl ester
of the R-enantiomer (the R-acid).¥ The purity estimated
from gas chromatography and melting points of these
samples were as follows: R-acid, 99.9%, 353.1K (lit®
353.6 K); S-acid, 99.0%, 352.7 K; di-acid, 99.19%, 349.8K
(lit,» 352.3 K).

Methods. All films were spread from solutions in
doubley-distilled benzene on a substrate of 0.01 M hydro-
chloric acid. The water for the substrate was twice dis-
tilled. Surface pressure was measured on a Wilhelmy-
plate balance with an accuracy of +=0.2 mN m~, Compres-
sion was done manually and, in certain cases, by a motor-
driven device. The temperature of the substrate was con-
trolled within #+0.1 K of the desired value. The surface
potential was measured by an ionization method.

Infrared spectra were recorded with a JASCO IR-A3

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

Results and Discussion

Monolayer Isotherms of (R)-12HOA. Molecular
Conformations in Monolayers: The isotherms are shown
in Fig. 1. The pressure-area curve (m-A curve) is
composed of three parts: (i) a compressible region
above about 95 A2 molecule-!, a—b, (ii) a plateau,
b—c, characterized by a nearly constant pressure in
a range of 25 to 95 A% molecule-! and (iii) a highly
incompressible region, ¢—d, with the extrapolated area
at zero pressure of 24 A% molecule-! and a collapse at
a pressure of about 35 mNm~1, The a—b region ap-
pears to be a part of an expanded film, as has been
seen with long chain fatty acids having cis-double
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Fig. 1. Monolayer isotherms of (R)-12HOA and octa-

decanoic acid (OA). ——, =n-4 of (R)-12HOA
(20°C); -~--, -4 of (R)-12ZHOA (27°C); +---- ,
n-A of OA (20 °C).
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bonds or side chains. The c¢—d region is part of a
condensed film; it is close to the isotherm of a condensed
film of octadecanoic acid, represented by a dotted line
in Fig. 1. Thus the isotherm shape indicates that
the plateau represents not the collapse of the film, but
a sharp phase transition between the expanded film
and the condensed film.

The n-A4 curve in Fig. 1. could be interpreted in
terms of an orientation and a conformation of the
long chain molecule with a hydroxyl group at the
12 position, as made for isotherms of 2-(10-carboxy-
decyl) -2- hexyl-4,4-dimethyl- 3-oxazolidinyloxyl  (12-
nitroxide stearic acid),? 9-hydroxyhexadecanoic acid,®
and 4-hydroxyoctadecanoic acid,” which resemble the
isotherm of 12HOA in shape. Although the 12HOA
molecule can assume various conformations, it seems
to be reasonable to take the following two conforma-
tions into consideration: (a) a straight chain molecule,
in which the long chain is steeply oriented to the water
surface with only the carboxyl group in the surface
and the hydroxyl group out of the surface, and (b) a
bent chain molecule, in which the long chain is bent
with both the carboxyl group and the hydroxyl group
attached to the surface. These forms are illustrated
in Fig. 2. The packing mode of these molecules in
monolayers was considered using molecular models, for
which one should refer to the Appendix. The closest
packing area for the straight chain molecule was
24.1 A2molecule!, assuming that the straight chain
molecules are steeply oriented to the interface
and that intermolecular hydrogen bonds are formed
between the hydroxyl groups of the adjacent molecules.
This value agrees well with the limiting area, extra-
polated to zero pressure, of 24.021.0 A2 molecule-1.
When the bent chain molecules are most closely
packed with the CH,(CH,), — chain oriented steeply
to the water surface, the minimum area calculated
from the molecular model was 91 A2 molecule—?, as

2.09

S T

19.50

257

(a) (c)

Fig. 2. Conformations of (R)-12HOA at the air-water
interface. a) Straight chain molecule; b) bent chain
molecule; c) occupation of a bent chain molecule at
the water surface. The close-packed area per mole-
cule is approximated to that of a rectangle, 19.5X%
4.66=91 (A% molecule?).
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shown in Fig. 2(c). This value is close to the observed
value of the area at an inflection point, b in Fig. 1,
92—104 A2 molecule~! (dependent on temperature),
at which further compression gives the plateau. It can
therefore be presumed that the a—Db region in Fig. 1
exhibits an isotherm of the expanded film composed
of the bent chain molecules, and that the sharp break
at the point b indicates the expulsion of the hydroxyl
groups from the interface. Adopting such a picture,
the plateau region, b—c in Fig. 1, could be regarded
as a transition state between film phases composed of
the straight chain molecules and of the bent chain
molecules. Thus, in this region, coexistence of the
two phases under a constant pressure and temperature
can be postulated from the two-dimensional phase rule.

The above-mentioned explanation was also supported
by the data of surface dipole moments, #, calculated
from the surface potential. The -4 curve is given
by a broken line in Fig. 1. Here it is seen that the
values of u are little changed by compression in the
same areas as the a—b region of the #n-4 curve, and
that they decreased sharply from 490 to 220 mD in
the plateau of the #-4 curve. The final value, 220 mD,
is comparable with the value reported for octadecanoic
acid monolayer, 210 mD.®) This result presents evi-
dence that the molecule in the a—b region lies with
a certain orientation of the polar groups on the surface
and that the orientation or/and the change of confor-
mation of the molecule occurred during compression in
the pressure plateau region. Thus, the #-4 isotherm
confirms the above-mentioned explanation for the
a-A curve; the plateau is a transition region between
a film phase composed of close-packing of the bent
chain molecules and that composed of close-packing
of the straight chain molecules. A gaseous film would
presumably exist at pressures lower than those in the
a—b region.

Recentl , Kellner and Cadenhead® obtained the
a4 and u-A isotherms for dl-9-hydroxyhexadecanoic
acid. These are very similar to those for (R)-12HOA,
and show the presence of a plateau in the n-4 curve
and the sharp change of u in that region. This indi-
cates that these two substances behave in a similar
manner. They also interpreted the point of inflection
corresponding to the point b in Fig. 1 as the area at
which there occurs the expulsion of the hydroxyl
groups from the interface. The value of the area at
the point estimated from their curve is 68—74 A2
molecule~! (28.0—8.4 °C); this is close to the value
of the most closely packed area calculated from our
molecular model of the bent chain molecules, 69 A2
molecule—.

Temperature Dependence: The temperature depend-
ence of the #-4 curves, as shown in Fig. 3, was normal;
the plateau pressure rose with increasing temperature.
As mentioned already, the plateau is the result of a
phase transition connected with a change in the mo-
lecular conformation. On the basis of this considera-
tion, the heat of transition, AH, from a film of bent
chain molecules to that of straight chain molecules
can be calculated from the two-dimensional Clausius-

Clapeyron equation, dm/dT=AH|TAA4, where =, is
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Fig. 3. ‘Temperature dependence of 7-4 curves of (R)- Fig. 4. IR spectra of (R)-12HOA in various states.

12HOA.

the plateau pressure, A4 is net change in molar area,
and AH is the molar enthalpy change accompanying
the transition at this temperature. The calculation
was made by the same procedure as that of Glazer
and Alexander,” who estimated the energy change
involved in the phase transition of long chain urea
monolayers. From the thermodynamical equation,
AH=AE-+nAA, the net change in molar internal
energy accompanying the transition, AE=-—17.1%
0.3 k] mol-1 was obtained. The value is negative,
indicating an energy generation during the transition
from the expanded film to the condensed film. The
observed value of AE is the sum of the energy for
breaking hydrogen bonds between the hydroxyl groups
on the bent chains and the water molecules, and the
cohesional energy between close-packed steeply-orient-
ed straight chains. It is interesting to investigate
whether or not the cohesional energy includes hydrogen
bond formation energy between the hydroxyl groups
on the straight chains, in addition to van der Waals
energy between the methylene groups. This will be
described in the following section.

Hydrogen Bonding in Monolayers: As shown in Fig. 1,
the n-4 curve in the condensed film of (R)-12HOA
resembles closely that of octadecanoic acid. However,
differences were seen for the apparent viscosity and
the collapse pressure. The condensed film of (R)-
12HOA was very viscous, as compared with that of
octadecanoic acid. This fact was found by blowing
talc powder sprinkled on the film surface. The col-
lapse pressure (the maximum pressure attainable) was
35 mN m! for (R)-12HOA and 42 mN m~! for octa-
decanoic acid. These differences should be undoubt-
edly attributed to some effect of the hydroxyl groups
on the formation of the condensed films. In bulk
also, the effect of the hydroxyl groups is clearly observ-
ed; the melting point is 10 K higher for (R)-12HOA
(353.6 K) than for octadecanoic acid (343.6 K).

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

a) Crystalline powder in hexachlorobutadiene mull.

b) Tsotropic soln. in CCl, (0.25% (w/v), 25°C).

c) Jelly with GCl, (1.0% (w{v), 25°C).

d) Collapsed films.

e) Built-up films on a CaF, plate.
incidence was normal to the plate.

The angle of

groups'® are found for the crystalline powder. The
spectral appearance is very similar to that of crystalline
methanol, V) in which infinite zigzag chains of hydrogen
bonds are formed.1?

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

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

Comparison between the Chiral and Racemic Forms.

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

form, it is necessary to clucidate differences between
the two forms in the bulk behavior. The phase dia-
gram of the R—S system for 12HOA was reported by
Uzu and Sugiura,’ who provided evidence that the
R- and S-acids form a racemic compound in the crystal-
line state. The infrared spectra of the chiral and
racemic forms in the crystalline state in Fig. 5 exhibited
a difference in the absorption due to the hydroxyl
groups; the dl-acid exhibited an absorption band at
3640 cm™! due to the free hydroxyl groups in addition
to that at 3400 cm™' due to the hydrogen bonded
hydroxyl groups, whereas the R-acid had no absorp-
tion band due to the free hydroxyl groups. This result
revealed that appreciable numbers of free hydroxyl
groups exist in the crystalline state of the racemic
form, in contrast with that of the chiral form.
Furthermore, a difference was found for the loca-
tion of the hydrogen-bonded hydroxyl bands; they
shifted to lower frequencies for the R-acid than for the
dl-acid. As is well known, the hydrogen-bonded
hydroxyl band shifts to lower frequency when the
hydroxyl groups form multiple hydrogen bonding.
For exapmle, such a result was presented for methanol
by Thiel et al» Therefore, the present spectral
results led to the following interpretations as to the
arrangement of 12HOA molecules in the crystalline
state.
(i) The R-acid molecules are favorably located in such
a way that their hydroxyl groups link them by multiple
hydrogen bonding, forming long sequences of hydro-
gen bonds.
(ii) The dl-acid forms a racemic compound, and the
resulting steric hindrance prevents participation of
all the hydroxyl groups in the formation of hydrogen
bonds, leaving free a part of the hydroxyl groups
and making impossible the development of the hydrogen
bond sequences.
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The R-acid sets, as described already, to a jelly in
carbon tetrachloride solution above a certain concentra-
tion, whereas the dl-acid separates out as crystals of a
racemic compound from carbon tetrachloride solution.
This fact also would be explained by a difference in
the mode of the hydrogen bonding between the R-
acid and the dl-acid, since it is well known that a gel
is composed of a network structure of polymer chains
in which the solvent is trapped. The dl-acid behaves
like octadecanoic acid in carbon tetrachloride solution
in the point that both acids separate out as crystals
and do not form jellies.

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

The Monolayer States: The isotherms for the S-acid,
as one expects, agreed quite well with those of the
R-acid. The n-4 and wu-A isotherms for the di-acid
were essentially similar to those for the enantiomers,
except that the dl-acid exhibited higher plateau pres-
sures than did the enantiomers at the same temper-
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Fig. 6. X-Ray diffraction patterns (Cu Kuz).
a) dl-12HOA; b) dl-12HOA: OA=77: 23 (mol %);
c) dI-12ZHOA: OA=64:36 (mol %); d) OA; e) (R)-
12HOA: OA=97: 3 (mol %); f) (R)-12HOA.
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Fig. 7. Temperature dependence of a plateau pressure
(at an inflection point).
O, (R)-12HOA; @, (S)-12HOA; (D, dl-12HOA.

atures. The temperature dependence of the plateau
pressure revealed the difference more clearly, as seen
in Fig. 7. The value of AE was —14.0%0.3 kJ mol-?
for the dl-acid, compared with —17.130.3 kJ mol—?
for the R-acid. Since there is no reason to believe
that the chiral and racemic forms exhibit a difference
in the energy which is involved when the film mole-
cules change their conformations from the bent chain
to the straight chain, detaching the hydroxyl groups
from the interface, the difference of AE observed may
be taken as that of the cohesional energy for formation
of the condensed film from the expanded film. Thus,
it can be seen that the condensed film of the R-acid
is thermodynamically more stable than that of the
dl-acid. This is consistent with the observation that
the plateau pressure (i.e. the phase transition pressure)
at the same temperature is lower for the R-acid than
for the dl-acid. On the other hand, the chiral form
(mp 353.6 K) has a higher melting point than the
racemic form (mp 352.3 K), i.e., in the crystalline state,
the former has stronger cohesion than the latter. The
similarity of the dl-acid to octadecanoic acid observed
in bulk was found also for their monolayer behavior;
addition of 10 mole percent of octadecanoic acid led to
a pressure rise of 0.7 mN m~! for the plateau pressure
of the R-acid, while little rise was found for that of the
dl-acid. On the basis of these facts, it is supposed
that the condensed films of the R-acid and the dl-acid
respectively have structures corresponding to those
in bulk. Thus there is a possibility that a racemic
compound of the dl-acid is formed in the condensed
monolayer state as well as in the crystalline state.
In order to investigate this problem, infrared spectral
observations were made on collapsed films removed
from the compressed monolayer of the dl-acid. The
same spectra as those for the crystalline powder were
obtained, as shown in Fig. 5.1 This is taken as
evidence that a racemic compound is formed in the
condensed monolayers at the air-water interface.
At the same time, presumably free hydroxyl groups
are present in the monolayer as well as in the crystals.
This explains the weaker cohesion in the monolayer
of the dl-acid than in that of the R-acid.
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The condensed monolayer states of the R-acid and
the dl-acid respectively were examined by using two-
dimensional packing models of molecules. The models
demonstrate that: (i), the R-acid molecules are capable
of forming multiple hydrogen bonds which leads to
long sequences of hydrogen bonds, and (ii), when the
dl-acid forms a racemic compound with simultaneous
formation of intermolecular hydrogen bonds between
R- and S-acid molecules, steric hindrance imposes
restraint on the formation of multiple hydrogen bonds
through the dl-acid molecular compounds and leaves
some of the hydroxyl groups free. The details will
be described in the Appendix. These models explain
satisfactorily the differences between the R-acid and
the dl-acid not only in the monolayer state, but also
in the crystalline state, because X-ray diffraction studies
showed that the crystals of both the R-acid and the
dl-acid are composed of layer structures.

Electron Microscope Observation. It has been found
by electron microscope observation that, when 12HOA
is crystallized out from solution, the enantiomer pro-
duces helically twisted fibers, the helical sense of which
is left-handed for the R-acid and right-handed for the
S-acid, and that the racemic dl-acid separates as crystals
in the form of flat platelets.¥ To study whether or
not similar structures are also found for collapsed frag-
ments of the monolayer, the monolayers were com-
pressed continuously to a certain area at a rate of 18
A2 molecule-! h-1 and immediately thereafter they were
transferred to collodion supports by using the hori-
zontal lifting method.’? Prior to the transfer, the
surface of the support had been treated with a dilute
aqueous solution of Aerosol OT. This treatment
made the surface hydrophilic and facilitated adhesion
of the film samples to the support. Collapse structures
were found to appear when the films were compressed
below 21 A% molecule~l. Figure 8 shows electron
micrographs at an apparent area of 16 A2 moleucle~!.
The micrographs for the enantiomers show twisted
fibers around 800 A in width, in addition to flat planer
structures, which have been observed in the monolayer
collapse of long chain fatty acids.’® Twisting seems
to occur when collapse structures are very thin ribbon-
like fibers. Special attention was paid to the twisted
fibers, which are characteristic of the hydroxy acid.
The sense of twist is left-handed for the R-acid and
right-handed for the S-acid. This chiral relationship
is quite the same as that observed for the twisted fibers
separated from solution. Rapid compression to areas
smaller than the collapse point yielded no twisted
fibers but flat structures and amorphous molecular
aggregates. The twisted fibers observed here seem to
result from a slow collapse process, as described by
Neuman.9

The dl-acid produced not fibers but platelets, as
shown in Fig. 8(c), from the monolayer as well as from
solution. By comparing this result with the phase
diagram of the R-S system,¥ it is reasonable to consider
that the platelets are composed of a racemic molecular
compound which appears in the bulk crystalline solid.
Presumably the two enantiomers exist in a merely
stoichiometric mixture in the monolayer at large areas
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Fig. 8. Electron micrographs of collasped films of 12HOA.
a) (R)-12HOA, left-handed twist; b) (§)-12HOA, right-handed twist; c) dl-1ZHOA.
These photographs were made to show the same sense as that of the twist in the specimien.

as in the bulk liquid phase,® but form a racemic
molecular compound during compression of the plateau
region in the isotherm.

Summarizing these results, the present studies lead
us to conclude that the enantiomeric mixture forms
a racemic compound in the condensed monolayer
state, as realized in the crystalline solid.

Appendix

Molecular Packing in Condensed Monolayers of 12HOA.
In considering the molecular packing in the condensed
monolayers, the arrangement of both the carboxyl groups
and the hydrogen-bonded hydroxyl groups should be taken
into account at the same time. It seems reasonable to
consider the packing models with reference to the bulk
crystalline data, since a relationship between molecular
packing in monolayer states and bulk phase structures has
been recently found for long chain fatty acids*® and
phospholipids.2) It was also found for cholesterol that
the polymorphic crystalline transition was reflected in the
temperature dependence of the equilibrium spreading pres-
sure.22> For 12HOA, the present studies revealed that
various properties in the bulk crystalline phases are retained
in the monolayer states. This fact implies that the mono-
layer structure is closely related to the crystal structure.

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

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

The long spacing was obtained to be 46.7 A for the
R-acid and 43.8A (lit,*» 44.3 A) for the dl-acid. The
latter value is close to that for the B-form of octadecanoic
acid (lit,2» 43.85A). Furthermore, it may be mentioned
that the acute angle between the edges in rhombic plate-
shaped crystallites of the di-acid in Fig. 7(c) is about 70°.
The B- and C-forms of octadecanoic acid are known to
give rhombic plate-shaped crystals with acute angles of
742" and of 56°2) respectively. These facts imply that
the crystal structure of the dl-acid could be associated with
that of the B-form of octadecanoic acid.

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

Thus, packing models were constructed as follows.

(i) A projection of a straight chain molecule of the R-acid
is illustrated in Fig. 9(a), as suggested by Vold.?®» The
S-acid is a mirror image of it.

(ii) The extent of a carboxyl group attached to an end
of the chain is neglected, when hydrocarbon chains are
packed in subcells, The assumption that the lateral packing
in monolayers is similar to that in the crystals leads to
tilting of the chains, which facilitates packing of carboxyl
groups.30)

(iii) A hydrogen atom of a free OH group occupies the
range enclosed by a dotted line in Fig. 9(a), because of
free rotation of the OH bond around the C-O bond axis.
On the other hand, when the chains are linked by hydrogen
bonds, two oxygen atoms on the adjacent chains arc
brought almost into contact and the extent of a hydrogen
atom, which is located between the oxygen atoms, can be
neglected.

(iv) Units of CH,CHO (represented by a thick line in
Fig. 9(a)) are packed in the above-designated subcells: a
triclinic subcell for the R-acid and an orthorhombic subcell
for the dl-acid.
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(a)

(c)

Fig. 9. Molecular models viewed from above.

a) A projection of a straight chain molecule of (R)-
12HOA on a plane perpendicular to the chain axis;
b) proposed packing model for (R)-12HOA in the
condensed monolayer state; c¢) proposed packing
model for the di-12HOA in the condensed monolayer
state. The acb; planes are in the sheet of the
paper, to which the molecular axis is perpendicular
for dI-12HOA, but not for (R)-12HOA. The direc-
tion of a slope of the water surface is denoted by
an arrow for each model.

(v) The OH direction is determined by hydrogen bond
formation between adjacent molecules.

The proposed packing models for the R-acid and the di-acid
in each subcell are shown in Figs. 9(b) and (c), respectively,
where the integers mean the carbon numbers on a hydro-
carbon chain, and broken lines denote hydrogen bonds.

For the R-acid, molecules can be closely packed, with
simultaneous formation of hydrogen bond sequences, in the
triclinic subcell, whose dimensions (as, b, and y) are 4.5
A, 54 A, and 120°. Hydrogen bond formation between
adjacent chains in the triclinic subcell makes the adjacent
chains shift by one CH, unit, as shown by the integers in
Fig. 9(b). This avoids the overlapping of OH groups and
leads to the tilting of the molecules to the water surface.
The tilt angle of the molecules with the normal to the
surface, 8, and the close-packing area per molecule in the
surface, A,, are calculated geometrically, assuming the
remaining subcell dimensions, ¢, ®s, and B, to be 2.6 A,
70°, and 108°, respectively, which are typical values reported
for triclinic subcells.3) The values of @ and A, are obtained
to be 21° and 24.1 A2 molecule-,3® respectively. The
former is in good agreement with that estimated from the
long spacing in the crystals, assuming that the bimolecular
length is 50 A.

For the dl-acid, molecules are packed in a similar manner
to that in the B-form of octadecanoic acid, the structure
of which was determined by von Sydow.?” In this case,
the chains in the condensed monolayer are packed in a
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slightly larger subcell (a;=5.2A, b,=8.0A) than that of
octadecanoic acid, avoiding any overlapping of oxygen
atoms of the OH groups. The R-enantiomer chain and
the S-enantiomer chain occupy alternate positions in the
subcell, forming a racemic compound with an intermolecular
hydrogen bond. Steric hindrance leaves another hydrogen
atom free; this is represented by a dotted line in Fig. 9(c).
This model gives a packing area of 23.3 A2 molecule?,
with a tilt angle of 27° with the normal to the surface.

The authors wish to express their thanks to Professor
Makoto Hayashi of Chiba University for surface
potential measurements. The present work was
partially supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education.
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Effects of Pressure on the Cloud Point of Nonionic Surfactant Solutions
and on the Solubilization of Hydrocarbons

Shoji KANESHINA,* Osamu SHIBATA, and Makoto NAKAMURA
College of General Education, Kyushu University-01, Ropponmatsu, Chuo-ku, Fukuoka 810
(Received June 26, 1978)

Cloud points in 1.0 wt 9, aqueous solutions of penta- and hexa(oxyethylene) dodecyl ethcr increasc
70 aq P yethy!

monotonously with an increase of pressure up to 150 MPa.
with pressure was 1.05x10-7 and 1.09x 10-7 K Pa-! for respective surfactant.
changes on the separation of the surfactant-rich phase had the positive values.

The elevation of the cloud-point temperaturc
Both volume and enthalpy
The rise of cloud points on

compression is attributable to the enhancement of the hydrogen bonds formation between water and ether
oxygens of the poly(oxyethylene) group and partly to the disruption of the “hydrophobic bonding.” The
cloud-point temperature at constant pressure and the cloud-point pressure at constant temperature were also

examined as a function of the amount of solubilizate such as hexane and octanc.

Therc was an optimum

pressure at a given temperature, as well as an optimum temperature at a given pressurc, at which the

solubilizing power of surfactant is maximum.

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

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

Experimental

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

H
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P“ e /
L /,.//' 43 H

,.
\.

[ I I,_C‘m

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

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

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

Results and Discussion

Effect of Pressure on the Cloud Point. The cloud
points in 1.0 wt 9%, aqueous solution of nonionic sur-
factants are shown in Fig. 2 as a function of pressure.
The cloud points for all the surfactant solutions increase
monotonously with an increase of pressure up to 150
MPa. This elevation of cloud points on compression
is within that caused by an increase of one oxyethylene
unit in the poly(oxyethylene) chain. In other words,
the alteration in the hydrophilic-lipophilic balance
(HLB) of the surfactant by the compression up to
150 MPa seems to be less than that by the addition of
one oxyethylene group in the poly(oxyethylene) chain.
It is clear from Fig. 2 that the pressure up to 150 MPa
is favorable for the dissolution of surfactant molecules
in water although most of dissolved-surfactant molecules
are in the micellar state. The cloud point for aqueous
solutions of surfactants is generally taken to be the point
where separation of the surfactant-rich phase is casued
by the dehydration of ether oxygens of the poly(oxyethy-
lene) group. Le Chatclier’s principle brings about
the positive volume change on separation of the sur-
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Eig. 2. Effect of pressure on the cloud point of non-
ionic surfactant solutions. Curve A: 1.00 wt %, penta-
(oxyethylene) dodecyl ether solution, B: 1.00 wt 9,
hexa (oxyethylene) dodecyl ether solution, C: 1.02 wt 9,
hexa(oxyethylene) dodecyl ether solution containing
hexane of 2.42 g/kg H,O, D: 1.02 wt %, hexa(oxyethy-
lcne) dodecyl ether containing hexane of 4.26 g/kg
H,0.

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

In the two-component, two-phase system, the
Clausius-Clapeyron type equation is written as follows:®
(_al> - T (1A + 3,A0,) (1)

OP /s, ITAVN +}’2A;{2

where subscripts 1 and 2 refer to components 1 and 2,
x and y the mole fraction in the phase « and B, re-

spectively. Ak and Ap are the change of partial molal
enthalpy and volume, respectively, on the transfer
from phase « to f. In the present system, we choose
surfactant as component 2 and the micellar solution
as the phase «. Assuming y; € ,,

oT TAD,
9Ly = 2a% 2
( opP >a: Ak, @
As is seen from Fig. 2, (8T/dP)., is positive. That

is, Ah, and A7, have the same sign. The dehydration
of the poly(oxyethylene) chain, i.e., the hydrogen
bond breaking contributes to the positive change in

both Ak, and Ay, Further, the positive volume
change is also caused by the elimination of hydro-
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carbon-water contact. This “hydrophobic bonding”

also brings about the positive contribution to Ak,
because of the breakdown of ice-like structure around
the hydrocarbon chain. Therefore, the rise of cloud
points on compression is attributable to the enhance-
ment of the hydrogen bonds formation and partly to
the disruption of the hydrophobic bonding.

The values of (87/0P)s, are 1.05(=0.05) x 107 K
Pa-1 for penta(oxyethylene) dodecyl ether and 1.09-
(%£0.03) x 10" K Pa-1 for hexa(oxyethylene)dodecyl
ether. The value for poly(oxyethylene) p-nonyl-
phenyl ether is found to be (0.8—1.3)%x10-7K Pa-1
for the various compositions.? Assuming that the
hydrophillic-lipophilic property of surfactant balances
at the cloud point, the pressure of about 10 MPa is
required for the temperature rise of 1°C to keep the
original HLB.

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

In Fig. 3, the cloud-point temperatures of the solu-
tions containing 1.0 wt 9%, hexa(oxyethylene) dodecyl
ether at constant pressure are shown as a function of
the amount of solubilized hexane. The solubilization
end points, below which the excess hydrocarbon se-
parates from micellar solution, are also shown only
at an atmospheric pressure. As is seen from Fig. 3,
the region between the cloud-point temperature isobar
and solubilization curve is a homogeneous transparent
phase. According to Shinoda,” in the region (denoted
by Il _,) above the cloud-point temeperature isobar the
nonionic surfactant phase containing oil separates.
On the other hand, the excess oil separates in the I1_,
region below the solubilization curve. In Fig. 4,
the cloud-point temperatures of the system with solu-
bilized octane are shown as a function of the amount
of octane. The pattern of isobars is analogous in both
the systems; namely, the isobars are shifted to higher

60 —
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Fig. 3. The cloud-point temperature as a function of
the amount of hexane solubilized at 0.1 MPa (curve
A), 50 MPa (B), 100 MPa (C), and 150 MPa (D).
The solubilization end points (@) are also shown only
at an atmospheric pressure.
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Fig. 4. The cloud-point temperature as a function of
the amount of octane solubilized at 0.1 MPa (curve
A), 50 MPa (B), 100 MPa (C), and 150 MPa (D).
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Fig. 5. The could-point pressure as a function of the
amount of hexane solubilized. Numerical values refer
to the temperature in °C.

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

The cloud-point pressure of the solutions containing
1.0 wt 9, hexa(oxyethylene) dodecyl ether at constant
temperature are shown in Figs. 5 and 6 as a function
of the amount of solubilized hexane and octane, res-
pectively. The cloud-point pressure isotherms for
all the systems with solubilized hexane and octane
are similar; the higher the pressure, the larger the
area of homogeneous phase. The cloud-point pres-
sure of the solution containing solubilized hexane
more than 6 g/kg H,O is little affected by the additional

Amount of octane (g/kg H,O)

Fig. 6. The cloud-point pressure as a function of the
amount of octane solubilized. Numerical values refer
to the temperature in °C.

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

The authors wish to thank Professor R. Matuura
of the Department of Chemistry, Kyushu University,
for useful discussion in the preparation of the manu-
script.
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Dimer and Excimer Fluorescence Spectra of Highly Polar Molecules,
3,5-Dialkyl-4-methoxybenzylidenemalononitrile

Kenji Inoue and Michiya ITon*
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Dual fluorescence of the ground state dimer of highly polar molecules of 3,5-dialkyl-4-methoxybenzylidene-
malononitrile in 3-methylpentane solution at low temperature was investigated by steady-state and nonsecond

fluorescence spectroscopies.

The dimerization of these compounds was confirmed by concentration dependence

of absorption and fluorescence spectra at 77 K. The dimer exhibits dual fluorescence consisting of a
short-lived dimer fluorescence and a long-lived excimer fluorescence, while the monomer is almost non-
fluorescent at room temperature to 77 K. The excimer formation by an orientational relaxation from the
excited state of the dimer was discussed in terms of determination of the activation barrier and the fluorescence

polarization.

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

Very recently, Itoh et al.%) reported dual fluorescence
of a ground state dimer of a highly polar molecule,
3,5-dialkyl-4-hydroxybenzylidenemalononitrile (dialkyl-
HO-BMN), in 3-methylpentane (MP) solution at
low temperature. The dual fluorescence was ascribed
to the short-lived dimer and to the long-lived excited
species generated by the duoble proton transfer reac-
tion in the excited state of the dimer. The excited-
state proton transfer of 3,5-di--butyl-4-hydroxyben-
zylidenemalononitrile (#~-Bu,-HO-BMN) in the solid
state was also reported.®)

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

Experimental

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

and NMR.

4-Methoxybenzylidenemalononitrile (MO-BMN) was prepared
from 4-methoxybenzaldehyde with malonitrile in benzenc
solution containing small amount of acetic acid and
piperidine.”? The product was recrystallized from benzene-
hexane: Mp 113—116 °C.

Found: C, 71.90; H, 4.20; N, 15.09%,.
HN,O: C, 71.74; H, 4.35; N, 15.219%,.

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

Found: C, 73.78; H, 5.66; N, 13.019,.
H;,N,O: G, 73.58: H, 5.66: N, 13.209%,.

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

Measurements. Determination of the fluorescence and
absorption spectra, and fluorescence polarization were
described previously.®:®  Fluorescence lifetimes and time-
resolved fluorescence were determined by analysing ex-
ponential decay curves measured by an oscilloscope and
by a coaxial N, gas-laser excitation. The decay curve
was analyzed by a deconvolution method using a com-
puter.19

Calcd for Cyy-

Calcd for Cy,-

Results and Discussion

Dimer Formation in the Ground State. The MP
solution of 4-methoxybenzylidenemalononitrile (MO-
BMN) shows an absorption band in the 330—360 nm
region at room temperature, which shows considerable
red-shift (ca. 10—20 nm) at low temperature (<150
K), as shown in Fig. 1. Figure 2 shows concentration
dependence of absorption spectra of MP solutions of
MO-BMN at 77 K. Here, a monomer dimer equili-
brium of this compound in MP solution is assumed,
and an association constant (K) can be written as
follows:»

K = [D]/([C]—2[D]),
where [C] and [D] are concentrations of MO-BMN
and dimer. If an absorption band at 390 nm is due
almost exclusively to the dimer, an absorbance [A] at
390 nm is expressed as A=¢[D]l, where ¢ is a molar
extinction coefficient of the dimer at this wavelength.
The following equation is obtained:!)
[C1/4 = 2/e+ (1/eK)Y2(1/A) V2,
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Fig. 1. Absorption spectra (a—d) of MO-BMN and
fluorescence spectra (e—g) of dialkyl-MO-BMN: a)
in MP solution (2.1 x10-> M) of MO-BMN at room
temperature; b) at 77K (2.6x10°*M); c) MTHF
solution (1.7x10-*M) at room tempcrature; d)
MTHEF solution (1.3X10°M) at 77 K; e) fluores-
cence spectra of MO-BMN (1.3x10-5M) at 77 K;
f) of Me,-MO-BMN in MP (2.7x10-*M) at 77 K;
and g) of i-Pr,-MO-BMN in MP (3.3x10-° M).

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

[CVI = 2/q + (1/gK)*(1/T)V/?,
where ¢ is a constant including several experimental

of the MP solution of MO-BMN at 77 K and plot
of [C]/A4 wvs. (1/4)2%

a) 3.2x10°M; b) 1.OXI0*M; c) 2.9x10-°M;
d) 4.8x10-5M; e) 7.2x 1075 M.

,,,,,,

n "

3

fluorescence

: L e,
400 Alnm 500 600
Fig. 3. Concentration dcpendence of fluorescence
spectra of the MP solution of MO-BMN at 77 K and

plot of [C]/T wvs. (1/I)/2

a) 3.8x10°M; b) 20x10°M; c) 1.1x10-°M;
d)6.2x10-*M;e) 29X 10 M. Flurorescence inten-
sity is ¢ unit (see in the text).

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

TaBLE 1. EQUILIBRIUM CONSTANTS (K) FOR THE DIMERIZATION OF DIALKYL-MO-BMN in MP at 77K,
AND FLUORESCENCE PROPERTIES OF THE DIMER (D*) AND THE EXCIMER (E*), AnD
THEIR ACTIVATION ENERGY (E,)
Amax (nm) and lifetimes (ns) in bracket
K (M) E, (kcal M)
D¥ E*
~ MO-BMN 1.6 10 480 (4) 500 (21) —
Me,-MO-BMN 4.5x104 470—480» (4) 490 (21) 0.9
i-Pr,-MO-BMN 2.8x104 450 (4) 470—480v (18) 1.1

a) The fluorescence maxima determined by time-resolved spectra (error appeoximately=5 nm) and lifetimes analyzed

by a computer deconvolution (error approximately =1 ns).

steady-state spectrum.

b) The fluorescence maximum determined by a
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afford equilibrium constants; K=1.6x10> M1 from
absorption spectra and 1.5 x 10®> M1 from fluorescence
spectra. Concentration dependence of the absorption
spectra of the other alkyl-MO-BMN in MP solution
also shows the dimer formation at 77 K, whose K are
summarized in Table 1.

Excimer Fluorescence. Nanosecond time-resolved
fluorescence spectra of an MP solution of MO-BMN
at 77 K shown in Fig. 4 demonstrate that the fluores-
cence consists of two fluorescence spectra; a short-lived
fluorescence (1,,,, 480—490 nm, r=4ns) and a long-
lived one (1,, 500 nm, t=21 ns). The dual fluores-
cence of the dimer was also observed in the other
dialkyl- MO-BMN. Figure 4 shows a fluorescence
decay curve of an MP solution of MO-BMN at 77 K
in comparison with a computer simulated one. Table
1 summarizes the fluorescence maxima and lifetimes
mn the dimers of these compounds at 77 K. The
excitation spectra of the short-lived fluorescence and
the long-lived one are identical each other, and are

>
£
8
(SR
o
g 1My 321 ns
(5
8 ~ 1/%X=4
3 pet =05
: -
= observed
I N e simmulated
|
1 1 I
0 20 t/ns 40 60

Fig. 4. Time-resolved fluorescence spectra of the MP
solution of MO-BMN (3.9x10-*M) at 77K. A
fluorescence decay curve monitored at 490 mn, and
a simulated one; ( ) and (----) are time-resolved
spectra of a short-lived and a long-lived components
depicted on the obtained time constants and pre-ex-
ponential factor (pef). Time indicated in the time-
resolved spectra is virtually after a signal maximum
of the fluorescence.

dimethyl MO-BMN
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Fig. 5. Fluorescence (a) and absorption (b) spectra of

an MP solution of Me,-MO-BMN (5.1 xX10-* M) at
77 K; fluorescence excitation spectra (c) monitored
at 420 nm and (d) at 520 nm.
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corresponding to the dimer absorption spectra (Fig. 5).
Taking account of a large Stokes shift of the long-lived
fluorescence, the fluorescence may be ascribed to the
excited species (E*) generated from the excited state
of the MO-BMN dimer (D*), while the short-lived
one to the dimer (D*).

The photochemical reaction scheme is as follows:

hy ks
D — D* kﬁ E*

4
AN
B A PZ N
D+ D D+m” D

Time dependent concentrations of D* and E* are
expressed by the following well known equations:1%:13)

[D*] = Cyexp (—Ayf) + Coexp (—2Ax 8). (n
[E¥] = Cyexp (—4yt) — Cyexp (=23 1), (2)
Ay, Ay = 1)2[ky+ kot kg -+ kg ks -+ ke ({ky +ha+ kg
— (ka+ ks + k) }* + 4ksky) V2]

Here, if k3> k,=0, [D*] may be approximately repres-
ented by the second term of Eq. 1. The fluorescence
lifetimes of D* and E* are expressed as follows:

Tp = A~ = (ky+hy4ky) 7Y

T = A7t = (ks k)t
Since two fluorescence decay curves of D* and E*
at a certain wavelength overlap each other, actual

decay curves at several wavelengths were analyzed by
the following equation:

—Cic—aci exp (—4yt).
Fluorescence lifetimes of D* and E* of an MP solution
of MO-BMN at 77 K were determined to be 4 ns and
21 ns, respectively, by computer simmulation mention-
ed above. Unfortunately, the fluorescence rise of E*
was not detectable, because the D* fluorescence over-
laps on the decay curve of E*.

Fluorescence spectra of an MP solution of i-Pr,-
MO-BMN at several temperatures shown in Fig. 6
reveal remarkable decrease of the short-lived fluores-
cence with increasing temperature (77 to 130 K).
Since no significant shift of the monomer dimer equilib-

[D*] + [E*]ocexp (—418) +

Fe/Fd4

[eA]

8 10
T x103

fluorescence (arb.)

1 "
400 A nm 500

[ "

Fig. 6. Temperature dependence of fluorescence spectra
of an MP solution of {-Pr,-MO-BMN (3x10-5 M);
a) 100K; b) 108K; c) 115K; d) 120K; ¢) 125K;
f) 132 K.
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rium was detected in this temperature region, and since
no monomer fluorescence was detected, the remarkable
temperature dependence may be attributable to a
dynamic process between D* and E* requiring a small
amount of activation energy. From the fluorescence
spectra shown in Fig. 6, the activation energy can be
obtained to be 1.1 kcal/mol by the aid of the conven-
tional method and assumption reported previously.®
The activation energy in the dimer of Me,-MO-BMN
was also obtained to be 0.9 kcal/mol. However, an
MP solution of MO-BMN shows no significant temper-
ature dependence of fluorescence spectra which seems
to imply a very small amount of activation energy in
this photochemical process.
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Fig. 7. Fluorescence spectra and their polarizations of
MP solutions at 77 K; a) MO-BMN (4.6x10-° M);
b) Me,-MO-BMN (5.9 10-% M); c) i-Pr,-MO-BMN
(6.8 10-5 M).

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

[Vol. 52, No. 1

R, _
S CN
N ez H===C
Me0—<:>~CH~C\CN
R/

R

— 7/

NC =&

NC)C:CH—<:>-:OMC
R

R=H, CH,, and i-CH(CH,),

Here, a small amount of activation energy may be
required in the orientational relaxation in the excited
state of the dimer. The relaxation process leading to
the formation of the excimer (E*) scems to include
a rotation of 4-CH,O- group with respect to the
benzene ring. The rotation of this group may be
hindered by a steric effect of 3,5-dialkyl groups.'®
The argument is consistent with the activation barriers
(MO-BMN <Me,-MO-BMN <i-Pr,-MO-BMN) as
summarized in Table 1. However, it is difficult to
depict the concrete structure of the dimer as well as
the excimer at this stage.
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The crystal structure of 5-bromocytosine has been determined by X-ray analysis to investigate the bromi-
nation effect on the cytosine moiety. The space group is P2;/a, with dimensions a=16.943(2), 5=9.155(1),
¢=3.846(1) A, $=99.89(1)°, and Z=4, The structure was solved by the heavy-atom method and refined
by the full-matrix least-squares method. A comparison with the cytosine structure indicates some large
deviations in bond lengths and angles, which are attributed to the steric and electronic effects caused by

bromination.

After the VSEPR theory, the slight increase of C(2)-N(3)-C(4) angle (0.8°) is interpreted as

the decrease of the effective charge of the lone pair on N(3), and this is related to the difference of pK,

values between 5-bromocytosine and cytosine.

In the course of the studies on the elementary pattern
of interactions between purine-pyrimidine base and
amino acid, Ohki, Takenaka, Shimanouchi, and Sasada
have found that the hydrogen bond scheme between
5-bromocytosine and N-acylglutamic acids is quite
different from that found in the complexes between
cytosine and some amino acids.!=® To explain this
in terms of molecular structure, the crystal structure
of 5-bromocytosine has been determined by X-ray
diffraction method.

Experimental and Structure
Determination

Colourless, needle-like crystals were obtained from an
aqueous solution. The crystal density was measured by
flotation in a mixture of bromoform and carbon tetra-
chloride. Weissenberg photopraphs showed systematic ab-
sences, A0l h=2n+1 and 0k0 k=2n+1, indicating the space
group P2,/a. Accurate unit cell dimensions and diffraction
intensities were measured on a Rigaku four-circle automated
diffractometer using graphite-monochromated Mo K« radia-
tion (4=0.71069 A). Five reference reflexions monitored
periodically showed no significant intensity fluctuations dur-

ing the course of data collection. The intensities collected
with an /20 scanning technique were corrected for Lorentz
and polarization factors. Of the 1337 independent reflexions
(26=55°), 1121 had intensities greater than 3¢ (I). Crystal-
lographic data are summarized in Table 1.

The structure was solved by the heavy-atom method and
refined by the full-matrix least-squares method, the minimized
function being Jjw{ | F,| — | F| }2. All the hydrogen atoms,
found on a difference map, were included in the subsequent
refinement. In the refinement, the zero-reflexions for which
| F.| values were smaller than |F,|;m (3.748) were omitted

TABLE 1. CRYSTAL DATA

5-Bromocytosine
CHN,;OBr
Crystal system: monoclinic

Systematic absences: A0l h=2n+1, 0k0 k=2n+1

Space group: P2/a

a=16.943(2) A Z=4
5=9.155(1) Dy=2.15gcm™3
c=3.846(1) D,=2.14
£=99.89(1)°

U=587.7(1) A

TABLE 2. FINAL POSITIONAL AND THERMAL PARAMETERS

Standard deviations are given in parentheses.

The anisotropic thermal factor has the form

exp [ — (B11h® + Beok®+ Bosl2 4+ Brohk + Brahl + Bogk)].

Atom x* y* P Bu* Peo* Baa** Bre* Brs** Bes**
N (1) 21717 (40) 39815(74) 8023(21) 169(20) 406 (64) 653(53) —162(63) —7(16) 2(29)
C(2) 25007 (47) 26816 (90) 9284 (26) 159(22) 622(85) 674(67) 3(70) 17(19) —60(35)
N (3) 21061 (39) 14198(72) 8226 (21) 183(19) 487(61) 665 (52) —85(61) —4(16) 49(29)
C#4) 14089 (41) 14615(71) 5989(21) 165(20) 375(64) 513 (47) 56 (63) 47(16) —21(29)
C (5) 10693 (48) 28424 (76) 4690(23) 197(22) 508(76) 523 (56) 112(67) 31(18) 66 (30)
C (6) 14585 (45) 40758(81) 5974(23) 177(21) 513(70) 556 (52) 122 (69) 30(17) 33(32)
0 (2) 31553 (44) 26479(67) 11364(26) 285(23) 391(57) 1136(79) —127(59) —59(22) —7(32)
N #) 10440 (40) 1672(75) 5129(24) 167(20) 531(70) 781 (60) —72(62) —40(18) 5(32)
Br 242( 5) 28826( 9) 2023 ( 3) 227( 4) 854(12) 565( 8) 62(7) —22( 2) 42( 3)
Atom xkk y*** KKk B(Az)

H (1) 2381 (69) 457 (14) 843(28) 0.0(1.8)

H (41) 1295 (57) —94(11) 603(26) 0.0(1.6)

H (42) 583(60) 1(11) 355(28) 0.0(1.6)

H (6) 1205 (93) 478(18) 496 (41) 2.0(2.6)

* 105, ** x 104, *¥k x 103,
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in each cycle of refinement. The weight functions used
were: w=1/(0,24+¢|F,|?) for |F,|=|F,|um, where o, is
the standard deviations based on counting statistics; w=
w(| Folum) for |Fo| <|Fo|1im- The coefficient ¢ was 0.883 x
10-3, derived from the intensity variance of the monitored
reflexions.” The refinement was terminated when the
maximum shifts of positional and thermal parameters were
less than 0.16¢ and 0.22¢, respectively, for non-hydrogen
atoms. The final value of R is 0.069 (R=0.056 for the
non-zero reflexions). Atomic scattering factors used were
taken from “International Tables for X-Ray Crystallo-
graphy.”® Atomic parameters are given in Table 2, and
observed and calculated structure factors in Table 3.9

Results and Discussion

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

Fig. 1. Bond lengths (//A), angles (¢/°), and their

standard deviations.

H(42) H(41)
N(4)
'\B‘b‘\%\ |§
LB 2
Lot LY
Bri-smamame 2.880(7)---n-ov ca) Qo
\ > %
‘\—_':d) c(5) ' N(3)
£ O.6 9 o
B, = e
“.2 S
o T

H(1)

Fig. 2. Differences in bond lengths (//A) and angles
(¢/°) between 5-bromocytosine and cytosine:
(5-bromocytosine values) — (cytosine values).

[Vol. 52, No. 1

C(5)-C(6)-N(l) angles are due to repulsions from Br
to C(4) and CG(6) atoms. The marked deviation at
C(5)-C(4)-N(4) angle is obviously ascribed to the
repulsion between Br and N(4). After an interpreta-
tion for benzene ring deformation!?) on the basis of
the valence shell electron pair repulsion theory, the
bromination at C(5) makes the C(4)-C(5)-C(6) angle
enlarge, but these repulsions cause the opposite effect,
so that this angle is not so large. Such steric effect
of bromination may spread to the C(2)-N(3)-C(4)
and C(2)-N(1)-C(6) angles, and further the N(1)-
C(2)-N(3) angle, so that they slightly expand. It
is plausible that the shrinkage of lone-pair lobe on
N(3), which is caused by electron-withdrawing prop-
erty of bromine, facilitates the release of constrain by
opening of the C(2)-N(3)-C(4) angle. Therefore, the
slight increase of the angle (0.8°) supports the decrease
of the effective charge of lone pair on N(3), and this
is related to the difference of pK, values between 5-
bromocytosine and cytosine [4.58 and 3.04, respec-
tively12-13)].

On the other hand, the C(4)-N(4) length is consider-
ably short, while the C(2)-O(2) length is rather long,
as compared with the average distances.!¥ Such a
trend which is also found in cytosine!® indicates the
contribution from the canonical formulae 2, 3, and 4
in Fig. 3, in which the amino nitrogen and carbonyl
oxygen carry positive and negative charges, respectively.
The shortening of G(6)-N(1) bond is due to the elec-
tronic effect of bromine as described by canonical
formulae 4 and 5 in Fig. 3. This suggests the ability
of proton donation of N(1)-H to be rather strong.

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

As shown in Fig. 4, two hydrogen bonds between
molecules related by the 2, axis, N(4)-H---O(2) and
N(1)-H---N(3), constitute a ribbon along [010]

direction. Hydrogen bond distances and angles are
® ®
NH» NH., NH,
Br, Br, B,
N N © \
N/KO N/k() N/U\Oe
H H H
1 2 3
NH; NHz
e
Br, Br,
N N
. L
N/[koe Y 0
H
4 5
Fig. 3. Some possible canonical structures for 5-bromo-

cytosine.
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TABLE 4. MOLECULAR PLANE

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

Asterisks denote atoms defining the plane.

Standard deviations are given in parentheses.

Equation to the pyrimidine ring
—0.6242(27)X+0.0428(31) Y +0.8757(16) Z—0.587(15) =0

Deviations (//A) of atoms from the plane

N()*  —0.025 0(2) 0.008
C (2)* 0.001 N (4) 0.043
N (3)* 0.012 Br 0.182
C@)*  —0.002 H() —0.08
C(3)*  —0.02 H (41) 0.04
C (6)* 0.043 H(42) —0.01

H (6) 0.00

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

TABLE 5. HYDROGEN BOND DISTANCES AND ANGLES

Standard deviations are given in parentheses.

Distance (J/A) Angle(¢/°)
N(I)-~-N@3)*  2.820(10) C(2)-N(1)---N(3)* 113.1(6)
H(1)--N(3): 221(8)  C(6)-N(1)---N(3)* 121.6(6)
O@2)-~N#)» 2.890(11) N(1)-H(1)-.-N(3)= 157(8)
O@©2)--H@&Ib 1.80(6)  C(2)-N@3)--N(1)® 111.8(6)

C@2)-N@)--H(1)> 111(2)

Symmetry codes C(4)-N(3)---N(I)>  127.6(5)
1 1 C(4)-N(3)--H(l)> 128(2)

(2) 5=%549 272 co) 0@). N 124.9(6)

1 1 C(2)-0(2)---H(41)2 131(2)

(b) 5= 542 272 o) N@)-.0@Q>  115.3(6)
N(4)-H(41)---0(2)> 162(5)

listed in Table 5. The N--O and N---N distances
are short as compared with the related compounds,
though the hydrogen bonds show poor linearity.
Similar hydrogen bonding scheme is observed in the
crystal structures of cytosine,!?) cytosine monohydrate,1?)

5-Bromocytosine 51

and 5-bromocytosine: dioxan (2:1) crystal.® Such a
common feature can be interpreted by the preference
of N-H:--O hydrogen bond between positively charged
amino group and negatively charged carbonyl group.
‘The hydrogen donating property of the remaining
N(4)-H becomes weak, so that N(1)-H is a hydrogen-
donor to N(3).

The pyrimidine rings are stacked with the spacing
of 3.368 A along the c axis. There are no abnormal
contacts between atoms.

Figures 1, 2, and 4 were drawn by TSD:XTAL
which is a graphic display programme system for
NOVA 3 mini-computer to produce crystal and mo-
lecular structures.!” The present work was partially
supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education.
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The solid-liquid phase diagrams are presented for binary mixtures of water with various polymethylene-

bis(tributylammonium) difluorides,

[(n-C4H,),N(CH,) N (n-CyHo)3]F,

(n=4, 5, 6, 8, and 10); and with

hexamethylenebis(tributylammonium) dihydroxide and its salts, [(2-C4Hg)sN(CH,)gN(n-CHg)s1(X, or Y)

(X=OH, Cl, and Br; Y=00C-COO and OOC-(CH,),-COO).
form congruently melting hydrates which have large hydration numbers.

It has been found that all the compounds
The hydrates appear to be

clathrate-like hydrates essentially similar to those formed by many tetrabutyl(or isopentyl)ammonium salts.
The most stable hydrate found in this study is [(n-C,H,);N(CH,)¢N(n-C4H,);3]F, hydrate (mp 20.4 °C).
The melting points of hexamethylenebis(tributylammonium) hydrates have been compared with those of the

corresponding tetrabutylammonium hydrates.

Bisquaternary ammonium salts (bolaform salts)
having various hydrophobic groups have been studied
from several points of view; the thermodynamic and
transport properties ¢.g. molal volumes,'~ molal heat
contents and solvation enthalpies,®:% heat capacities,®
and conductances,”? colloidal properties e.g. micelle
formation,” flocculating action,’® and emulsion
polymerization,’V pharmacological properties!? e.g.
protein binding,!?) resistance to metabolic degradation
and accumulation in the kidneys,!® affinity to choline
and its related compounds,'® and curarelike agent
action.1®

The thermodynamic and transport properties for
aqueous solutions of bolaform salts as well as numerous
symmetrical tetraalkylammonium salts!” have exten-
sively been studied in order to examine the structural
changes in the solvent in the neighborhood of the
solute particles. Broadwater and Evans!) studied the
apparent ($,) and partial molal volumes of a bolaform
electrolyte [(n-CyH,y)sN(CH,)gN(n-C Hy);]Bry, (CgBry)
and found the change of ¢, with concentration for
CgBr, was very similar to that observed for (n-C,H,),-
NBr,'® with ¢, decreasing to a minimum and increas-
ing with concentration. The minima in the ¢, uvs.
concentration curves for (n-C,H,),NBr have been cor-
related with the formation of a stable clathrate-like
hydrate.19-21)

In the same context it is of interest to examine the
ability of bolaform salts to form clathrate-like hydrates.
Although only a brief note has been given concerning
the formation of CgF, hydrate (which melts at 5 °C
and has approximately 40 water molecules),!) no other
study has been reported about the formation of clath-
rate hydrates of bolaform salts. It is the purpose of
this paper, through the examination of the solid-liquid
phase diagrams, to find the conditions for the formation
of clathrate-like hydrates of bolaform salts: (1) the
length of methylene chain (n) between the two nitrogen
atoms in the salt having the general formula [(C,Hg),-
N(CH,),N(C,H,);]F;; and (2) the kind of anions in
the salt [(C,H,)3N(CHy)N(CjHy)s] (Xp or Y) (X=
OH, F, Cl, and Br; Y=00C-COO and OOC-
(CH,)3~COO). The six alkyl chains attached to the
two terminal nitrogen atoms have been restricted to
butyl groups since it was concluded in a previous

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

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

Experimental

Polymethylenebis(tributylammonium) dibromides [ (C,H,),-
N(CH,),N(C,Hy);]Br, (r=4, 5, 6, 8, and 10; which have
been denoted as C,Br,, C;Br,, C¢Br,, CgBr,, and C,,Br,
hereafter) have been prepared by refluxing an excess of
tributylamine with the corresponding «,w-dibromoalkane in
ethanol.) The excess amine was removed by extraction
with diethyl ether and recrystallizations were carried out
either in an acetone/ethyl acetate mixture or an diethyl
ether/methanol mixture. Since it was fairly difficult to
obtain pure C,¢Br, by recrystallization, the C,,-compound
was obtained as the iodide, Cjol,, by the following pro-
cedure: C,l, was precipitated by adding KI solution to
aqueous C,,Br, solution which was then extract from the
reaction mixture and recrystallized from ethyl acetate.

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

Found: C, 57.41; H, 10.69; N, 4.81; Br, 27.01%,. Calcd
for CyeHgoN,Bry(n=4): C, 57.33; H, 10.65; N, 4.78; Br,
27.249%,. Mp 157—158 °C for the bromide and 163—164 °C
for the iodide.

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

Found: G, 58.75; H, 10.99; N, 4.36; Br; 25.229%,. Calcd
for Gy HgeN,Br,(n=6): C, 58.62; H, 10.82; N, 4.56; Br,
25.22%,. Mp 167—168 °C.

Found: G, 59.60; H, 11.04; N, 4.27; Br, 25.329%,. Calcd
for CpH,N,Br,(n=8): G, 59.80; H, 10.98; N, 4.36; Br,
24.86%. Mp 121—123°C (123—124 °CD).

Found: C, 53.41; H, 9.68; N, 3.78; I, 32.959,.
for C3H,N,I,(n=10): C, 53.40; H, 9.75; N, 3.66; I,
33.19%. Mp 142.5—144 °C.

Fluoride solutions (C,F,) have been prepared by the
triple decomposition of a mixture of BaF,, Ag,S0,, and
the corresponding bromide (or iodide) by using stoichiomet-

Calcd
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ric amounts of the latter two components and excess of
the former.20:22 When a small amount of bromide (or
iodide) ion was found in the filtrate, an aqueous AgF
solution, obtained by the neutralization of AgOH with
an -aqueous IIT solution, was added, and the precipitated
silver bromide (or iodide) was removed by either filtration
(pore size 1.0 um) or centrifuge (2000G, 30 min). Solutions
of [(CyHy);N(CHL),N(GH,),1Cl, and [(CyH,);N(CH,)-
N(CH,)3]Y (Y=00C-COO and OOC-(CH,);-COO)
(which we denote by C,Cl,, C¢Oxa, and C¢Glu hereafter)
were prepared by neutralizing [(CyH,);N(CH,)N(C Hy);]-
(OH), (G¢(OH),) solutions with the corresponding acids.
The hydroxide Cg(OH), was obtained by treating a solu-
tion of GgBr, with freshly prepared silver hydroxide, and
purified by recrystallization from water?:20.23) in the form
of a clathrate hydrate crystal (see below). Both oxalic and
glutaric acids were reagent grade commercial materials and
recrystallized from water. The two fluoride solutions
prepared by different methods (neutralization of Cgq(OH),
with HF and triple decomposition of CiBr, with BaF, and
Ag,S0O,) showed cxactly the same behavior.

The experimental procedures for determing the solid-liquid
phase diagrams for the binary mixtures of these salts with
water were almost the same as in previous papers.22:2) A
sample solution (about 1.0—1.5 g) was prepared by weighing
out water and a concentrated sample solution obtained by
dehydrating a dilute solution using a rotary evaporator
and whose water content was determined by the Karl
Fischer titration method. No attempt was made to remove
the air dissolved in the solution.

Results

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

20

Temperature (°C)
o)
i
o
e
_

-5

[oXe]] 002 003 004
Mole Fraction

Fig. 1. The solid-liquid phase diagrams for the water
+ [(C4Hy)sN(CH,) nN(CyH,),]F, (n=4, 5, 6, 8, and 10)
systems.
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TaBLE 1. THE MELTING POINTS AND THE ITYDRATION
~uMBERS OF [(C,H,);N(CH,),(CH,);1F, HYDRATES

n Melting point (°C) Hydration number
4 (stable) 2.8 3943
4 (metastable) -3.1 4542
5 12.4 42:+2
6 20.4 4612
8 6.8 4842
10 —2.2 5042

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

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

The effect of anions on the formation of clathrate-
like hydrates has been examined for a series of Cg
compounds, whose cation is most suitable in size for
the formation of stable hydrate as mentioned above.
In Fig. 2 the solid-liquid phase diagrams for a series
of Cgcompounds (Cg(OH),, GCgF,, GCgCl,, CgBr,,

20 e

/ o \k \\

10

Oxa c \
s a AR
o
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™y
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Fig. 2. The solid-liquid phase diagrams for the water
+ [(C4H,);N(CH,)yN(CH,);] (X, or Y) (X=OH,
F, Cl, and Br; Y=00C-COO and OOC-(CH,),-
COO) system.
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TaBLE 2. THE MELTING POINTS AND THE HYDRATION NUMBERS OF THE HYDRATES OF
HEXAMETHYLENEBIS(TRIBUTYLAMMON’IUM) AND TETRABUTYLAMMONIUM COMPOUNDS

Cation
Anion [(G4H,)3N(CH,)¢N(CoH,) s+ (CH,) N+
Mp (°C) Hydration number Mp (°C) Hydration number
Br- —0.2 483 12.5% 30.5,» 32.6%
Cl- 4.9 4742 15.0 28+3
15.72 32.1,» 33.8
(O0OC-CO0)2- 7.3 472 16.69 581
16.8% 67,9 64
[OOC-(CH,),—COO]*~ 12.8 5542 20.2v) 551D
OH- 18.4 5842 28.0 331
F- 20.4 4612 28.3 31x1
24,99 32.8,» 34.0v
a) From Ref. 20. b) From Ref. 23.
C¢Oxa, and C¢Glu) are shown and indicates that all
Cg-compounds examined form hydrates similar to those
found in Fig. 1: characterized by their high water 20 A
contents and congruent melting points. The melting <——4>/ \
points and hydration numbers obtained are sum- o y 505
marized in Table 2, together with those of the cor- _ 7 - €
responding tetrabutylammonium salts. £ metastable _/// 7 2
€10 ——e--7
c
Discussion g 4 3
= D 403
The Effect of n on the Formation of C.F, Hpydrates. = 72 \ T
As can be seen from Fig. 1 and Table 1, CgF, forms o \
the most stable hydrate (mp 20.4 °C). From the fact metastable \o
that, in the clathrate hydrates of tetrabutyl(or isopentyl) ? : . .
ammonium salts, 7—8 water molecules are required in 2 4 5 6 7 8 9 10 1l
N Number of Carbon Atoms (n)
order to surround one butyl (or isopentyl) group, and
that the CgF, molecule has seven hydrophobic groups Fig. 3. The melting points and the hydration numbers

(six butyl groups and one hexamethylene chain), the
hydration number of 4622 observed for the CgF,
hydrate is a little bit smaller than expected. This
indicates that the hydrogen-bonded water framework
around the CgF, molecule becomes efficient by the
sharing of the common faces of adjacent polyhedra.
Although the solution properties caused by the promo-
tion of additional hydrogen bonding of the water
molecules in the vicinity of the hydrocarbon groups
have been studied exclusively in aqueous solutions of
CgBr,,1:3-5:7) the results here suggest that the structural
effect in Cgsalt (and also Cj-salt) solution will be
greater than that in Cg-salt solutions. The enthalpy
of the Hy,O—»D,O (and also H,O—propylene car-
bonate) transfer for Cg-cation clearly indicates that the
structural effect for this ion in water is considerably
smaller than that for two tetrabutylammonium ions.?

In Fig. 3, the melting points and hydration numbers
of C,F, hydrates have been plotted against n. It may
be seen from the figure that both the melting points
and hydration numbers vary differently with » depend-
ing upon whether n is smaller or larger than 6. When
n is smaller than 6, both the melting points and the
hydration numbers increase with increasing n, whereas
when 7 is larger than 6, the melting points drastically
decrease with increasing n while the hydration numbers
increase in a similar manner as before but less sharply.

of the [(CH,);N(CH,),N(C;H,);]F, hydrates as a
function of n.

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

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

In the C,F, hydrate (stable phase), the two 3P’s
are drawn together since they are covalently combined
by a short polymethylene chain (the maximum distance
between the two nitrogen atoms is 6.2—6.3 A). The
most probable configuration for this would be the
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Fig. 4. The schematic representation of the water
frameworks which enclathrate a (C,H,);N-group (3P).

twisted combination — a rotating 60° about the N-N
axis as in the staggered ethane molecule conformation.
The water framework within which the —(CH,),~ chain
is accommodated is automatically formed when the
two 3P’s approach, in agreement with the observation
that the hydration number of the C,F, hydrate is
considerably small (39+3). The low melting point
of this hydrate is presumably due to the strong distor-
tion of the framework. The increase of both hydration
number and melting point with increasing n from 4
to 6 is due to the formation of a larger and less distorted
cage to accommodate a longer polymethylene chain
((CH,)s~ and —(CH,)¢-). In the compound CgF,,
which gives the most stable hydrate, the stretched
chain-length between the two nitrogen atoms, 8.8 A,
is very close to the average cage diameter of a typical
polyhedron (8.7 A for a 14-hedron and 9.4 A for a
16-hedron?9)).

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

The Effect of Anion on the Formation of the Cg-Hydrates.
The correlation between the melting points of the
hydrates of Cgcompounds with various anions and
those of the corresponding tetrabutylammonium com-
pounds is shown in Fig. 5. This figure indicates two
Interesting facts: (1) the melting points of the Ce-
compound hydrates are about 10 °C lower than those
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Fig. 5. The correlation between the melting points of
the [(C,H,)sN(CH,)¢N(C,H,),]?+ hydrates and thosc
of the (C,H,),N+ hydrates.

of the tetrabutylammonium compound hydrates ir-
respective of the type of anion; (2) there exists approxi-
mately linear relationship between the two sets of
melting points. The former point emerges since the
formation of the hydrogen-bonded water framework
around the Cg-cation is considerably more difficult
compared with the case of the tetrabutylammonium
cation. The latter point indicates that the lattice
distortion caused by the presence of the anion affects
the stabilities of the hydrates in a similar manner in
both series of salts. As may be seen from Table 2,
all the Cg-compounds, except C¢Glu and Cgz(OH),,
have the same hydration numbers — around 47. This,
suggests that they are isostructural, having a strong
resemblance to the finding that the corresponding
tetrabutylammonium salt hydrates are isomorphous
(tetragonal).?” The relatively large hydration number
found for glutarate hydrate may be a consequence of
the additional water molecules needed in order to sur-
round the large OOC-(CH,),~COO anion, a striking
contrast to the [(CH,),N],O00C-(CH,),-COO
hydrate which has a cosiderably small hydration
number.?® Hydroxide hydrate has also a large hy-
dration number. A similar but less sharp trend is seen
for tetrabutylammonium hydroxide hydrate and this
may be due in part to the strong hydration of the
hydroxide ion.

This work was supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education.
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Studies of the Metal Complexes of Cyclohexane Derivatives. V.?
Copper(II) and Nickel(II) Complexes of cis-1,3-Cyclohexanediamine
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t Facully of Pharmaceutical Sciences, Naggya City University, Tanabe-dori, Mizuho-ku, Nagoya 467
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A series of 1,3-chxn(cis-1,3-cyclohexanediamine) copper(II) and nickel(II) complexes have been prepared

and studied using spectroscopic and magnetic techniques.

The violet and red copper(II) complexes of 1,3-

chxn were found to consist of monomeric distorted octahedra and slightly distorted square plancrs, respectively.

The nickel(II) complexes have a square planar structure.

The conformational change of the ligand from

diequatorial to diaxial on coordination has been confirmed by infrared analysis.

cis-1,3-Cyclohexanediamine(abbreviated  as 1,3-
chxn?) is
NH: NH:
H.N. NH.
P
5
(a) diequatorial (b) diaxial
conformation conformation

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

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

Experimental

Materials. 1,3-chxn was prepared from cis-1,3-cyclo-
hexanedicarboxylic acid according to the procedure in the
literature.®  ¢is-1,3-Cyclohexanedicarboxylic acid used was
isolated by the method of Skita”® from the mixed c¢is- and
trans-diacid resulting from hydrogeneration of isophthalic
acid.

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

Preparation of the Complexes. Cu(1,3-chxn),Cl,: Copper-

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

Cu(1,3-chxn),CICIO;: Dihydrochloride of 1,3-chxn (6
mmol) and CuCl;-2H,0O (1.2 mmol) were dissolved in H,O
(7.5ml) and the pH was adjusted to approximately 10 by
I mol 1= NaOH solution. To this solution NaClO, (6 mmol)
was added. On warming the solution, a blue violet com-
plex began to precipitate, and this was recrystallized from
methanol,

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

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

[Ni(1,3-chxn);) X, (X=Cl-, Br-, NO,~, and ClO,~): Al
the nickel(II) complexes were prepared in a similar manner
as described here. To an ethanoic solution of the ligand
(4—5mmol), an ethanoic solution of the Ni(II) salt (2
mmol) was added. The yellow crystals obtained were re-
crystallized from methanol.

Results and Discussion

Properties of the Complexes. The results of the
elemental analyses, the magnetic moments, and the
colors of the complexes prepared are listed in Table 1.
The copper(II) complexes are magnetically normal
and are assumed to consist of monomeric species. The
1,3-chxn ligand was found to produce two forms of
copper(II) complexes, a violet and a red, depending
on the anion. The copper(Il) complexes coordinating
Br- exist in two forms, however, the violet complex
was recrystallized with some difficulty. On the other
hand, this ligand afforded only diamagnetic nickel(I1)
complexes. The tris and bis nickel(II) complexes
having octahedral or tetragonally distorted octahedral
structures were not obtained.

Electronic  Specira. Some  typical  clectronic
spectra of the complexes obtained are shown in Fig. 1
and the numerical data, in Table 2. The band maxima
of the red copper(II) complexes in the solid state were
observed at 20400—20600 cm™!, higher in energy than
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TaBLE 1. ELEMENTAL ANALYSES, MAGNETIC MOMENTS, AND COLORS OF THE COMPLEXES
Found (Caled) %
Complex Color® ( ) % B /1(/1

c H N (B.M.)
Cu(1,3-chxn),Cl, A 39.61(39.72) 7.54(7.78) 15.53(15.44) 1.84
Cu(1,3-chxn),CICIO, BV 33.66(33.77) 6.71(6.61) 13.35(13.13) 1.86
Cu(l,3-chxn),Br, (A) v 32.06(31.91) 6.22(6.25) 12.31(12.40) 1.84
Cu(1,3-chxn),Br, (B) WR 31.63(31.91) 5.98(6.25) 12.21(12.40) 1.85
Cu(1,3-chxn),(NO,), WR 34.73(34.65) 7.06(6.79) 20.52(20.20) 1.83
[Ni(1,3-chxn),]Cl, Y 39.96 (40.26) 8.15(7.88) 15.51 (15.65) dia
[Ni(1,3-chxn),]Br, Y 32.10(32.35) 6.07(6.32) 12.72(12.54) dia
[Ni(1,3-chxn),] (NO,), Y 35.08(35.06) 7.03(6.87) 20.64(20.44) dia
[Ni(1,3-chxn),](CIO,), oY 29.55(29.66) 5.77(5.81) 11.55(11.53) dia

a) V=violet, BV =blue violet, WR =wine red, Y=yellow, OY =orange yellow.

150}

Absorbance (arbitrary) (b, ¢, d)

Wave number (103 cm-1)

Fig. 1. Electronic spectra of (a) Cu(l,3-chxn),Br,(B)
(MeOH soln.), (b) Cu(1,3-chxn),CICIO, (Solid), (c)
Cu(1,3-chxn),(NO;), (Solid), and (d) [Ni(l,3-chxn)],
(Solid).

those of the violet complexes which were considered
to have tetragonally distorted octahedral structures.
The d-d bands of the former were sufficiently high
compared to the copper(I1I) complexes of other dia-
mines, ¢.g., c-chxn,!) {-~chxn,!) and 1,3-propanediamine®)
thought to have a similar structure to 1,3-chxn. Asum-
ing that 1,3-chxn coordinates to the copper(II) ion as
a result of interconversion to the diaxial conformation(b)
and that the chelate ring takes a chair conformation
in the same way as [Pd(l,3-chxn),]Cl;* then the
considerable large steric hindrance by a H;, proton

Cu(1,3-chxn),Br, (red) + 2MeOH ——

TABLE 2. ELECTRONIC SPECTRA OF THE COMPLEXES
v 103 cm~1 ()
Complex —
Solid Solution
Cu(1,3-chxn),Cl, 19.0 18.0(106)
Cu(1,3-chxn),CIC1O, 18.4 18.0{107)®»
Cu(l,3-chxn),Br, (A) 18.9 18.0(107)»
Cu(l,3-chx),Br, (B) 20.6 18.0(108)
Cu(1,3-chxn),(NOy), 20.4 18.5(133)

[Ni(1,3-chxn),]Cl, 21.5 21.5(46.2)»

[Ni(1,3-chxn),]Br, 21.5 9
[Ni(1,3-chxn),] (NO,), 21.6 —o
[Ni(1,3-chxn),](ClO,), 21.4 —

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

occurs in the z-axis. Consequently, only the anionic
X group which has strong bond strength would be
expected to occupy tetragonal positions. As the axial
field strength weakens, the in-plane field strength
increases. That the structure of the red form com-
plexes is very close to being square planar is sup-
ported and this is unusual for Cu(diamine),X,.%-1% In
methanol solution, the copper(II) complexes of both
forms, except the nitrate, have essentially the same
Vmax aNd &p... It can be said that the equilibrium
in the methanol solution shifts greatly towards the
formation of Cu(l,3-chxn),(MeOH),?* (Scheme 1).
With the violet complexes having a distorted octahedral
structure ligand-substitution reactions between the
coordinated anions and solvent molecules appears to
hold, while, in the case of the red complexes, the square
planar structure appears to transform to the distorted
octahedral structure by bonding solvent molecules.

Cu(1,3-chxn),Cl,(violet) 4- 2McOH

[

Cu(1,3-chxn),(MeOH),2*+ 4 2X-

I

Cu(1,3-chxn),Br,(violet) + 2McOH

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

Infrared Spectra. The representative infrared
spectra of the complexes in the Oxm,, O:rcm,, O:rvm,
region are shown in Fig. 2, and the main bands are
listed in Table 3. The three copper(II) complexes
of the violet form exhibit a very similar infrared spectra.
The characteristic bands assignable to the rocking
vibration of NH, are observed at 600—750 cm~. For
the analogue of the violet complexes, the p:xn, values
appear due to the anionic groups bonded in the te-
tragonal positions. Therefore, more than four peaks
corresponding to o:nu, appear in the spectra of Cu(l,3-
chxn),CIClO,. No relationship between the frequen-
cies of prnu, and structures of the red copper(II) and

\[W
"
W

1700 1800 00

Wave number (cm—l)
Fig. 2. Infrared spectra of (a) Cl(1,3-chxn),Br, (A), (b)
Cu(l,3-chxn),Br, (B), and (c) [Ni(l,3-chxn),]Br, in
the Owm,, Orom, and pynm, region.

Copper(II) and Nickel(II) Complexes of ¢is-1,3-Cyclohexanediamine
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nickel(II) complexes have been found.

The dnu, of the nickel(II) complexes described here
show two peaks. The similar frequency separation
for the red copper(II) complexes is significantly larger
than that for the violet copper(II) complexes. The
splitting of this band may be due to the distortion of
the chelate ring or the degree of hydrogen bonding
between the NH, groups and the anion. In the spectra
of a similar type of complexes having stronger metal-N
bonds, such as [Pt(1,3-chxn),]Cl, and [Pd(1,3-chxn),]-
Cl,, the corresponding band shows no splitting.?) From
the 6ym, data, the structure of the red copper(II)
complexes is thought very similar to the square planar
complexes of nickel(II).

It is generally recognized that the degenerated stretch-
ing mode of the perchlorate ion splits into two bands
on coordination.'® As shown in Fig. 3, the infrared
spectrum of Cu(l,3-chxn),CICIO, gives evidence of
the covalently bonded perchlorate group. The same
band of [Ni(l,3-chxn),](ClO,), appears to be single
and broad, reflecting the existence of free ions. The
infrared spectra of Cu(l,3-chxn),(NQO,), shows a broad
profile of »y_, ascribable to the free ion!® at 1300—
1400 cm—t, which is very similar to that of [Ni(l,3-
chxn),](NOj),. This suggests that in the former
complex the copper(II) ion is present in a planar
rather than a distorted octahedral configuration.

1200 1000 1260 1000

Wave number (cm~?)

Fig. 3. Infrared spectra of (a) Cu(l 3-chxn),CICIO,
and (b) [Ni(1,3-chxn),](ClO,), in the vg—o region.

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

Complex YNE Oxm, Prcm, PrNH,
Cu(l1,3-chxn),Cl, 3230, 3110 1590, 1583 817, 777 727, 678, 637, 601
Cu(1,3-chxn),CICIO, 3230, 3110 1583, 1577% 812, 773 737, 719, 670, 632, 5952
Cu(1,3-chxn),Br, (A) 3230, 3120 1580 812, 775 719, 670, 630, 596%
Cu(1,3-chxn),Br, (B) 3230, 3130» 1596, 1567 810, 777 738, 709, 690
Cu(1,3-chxn),(NO,), 3260, 3150 1619, 1602, 1585 777 7402, 692, 648, 608
[Ni(1,3-chxn),]Cl, 3180, 3100 1607, 1584 810s2, 795 715, 640
[Ni(1,3-chxn),]Br, 3170, 3100 1594, 1580 817, 787 738, 720, 695
[Ni(1,3-chxn),] (NO,), 3280, 3140 1620, 1583 810 746, 719, 645
[Ni(1,3-chxn),](Cl0O,), 3300, 3260, 32002 1601, 1580 778 742, 710

a) A shoulder was observed besides these bands.

sh =shoulder,
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As previously discussed, for coordination of the 1,3-
chxn ligand to the metal ion the interconversion from
the diequatorial(a) to the diaxial(b) conformer is neces-
sary. In the infrared spectra of the cyclohexane
derivatives involving axially bonded substituents, the
weak rocking vibration of CH, appears around 800
cm~114 It has been found that the ¢-chxn complexes
show these characteristic bands which are absent in
the ¢-chxn complexes.'® Dihydrochloride of 1,3-chxn
have no bands in the region of 560—840 cm~!. How-
ever, in the spectra of the complexes one or two bands
were observed around 770—810 cm—! as shown in
Table 3 and Fig. 2. These results support the com-
plexes involve ligands with diaxial conformation(b).
Similar complex formation of 1,3,5-triaminocyclohexane
taking conformational inversion have been revealed in
several investigations.16-18)

The authors would like to thank Dr. Noboru Naka-
yama and Dr. Haruo Matsui of the Goverment Indus-
trial Institute, Nagoya, for the use of a Shimadzu
MB-2 magnetic balance and a Shimadzu MPS-5000
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to Miss Masae Ishiguro and Miss Shizuko Iwauchi
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The six isomers of the [Co(L- or p-asp)(L-his)] complex (asp=aspartate ion and his=histidinate ion) have

been prepared and the isomerization studied in the absence of any catalyst.

The equilibrium mole fractions

of these isomers in water has been found for L-transOgisN;, rL-cisOstransN;, 1-fac, to be 0.53, 0.06, and 0.41,
respectively, those for p-cisOycisN;, D-transOgtransNy, and p-fac to be 0.48, 0.01, and 0.51 respectively. The
indication is that the relative positions of the six coordinated atoms around a cobalt atom cause these un-

equal isomer concentration ratios.

The isomerisms are dealt with by means of a network of first order

reversible reactions and the absolute values of the rate constants at 80 °C have been determined.

In a previous work,?) the isomerzation of p-aspar-
tato(r-2,4-diaminobutyrato)cobalt(I1I), [Co(p-asp)(L-
2,4-dba)] was studied in the presence of active
carbon. The relative rate constants of the isomeriza-
tion and the mole fractions of the isomers at equili-
brium were determined. However, those of the [Co-
(L-asp)(L-2,4-dba)] complex could not be determined
on account of their low solubilities. In this paper, the
preparation and the isomerization of the isomers of
the p- or L-aspartato(r-histidinato)cobalt(III) complex
are presented. All isomers are soluble in water.

Experimental

Preparation of [Co(L- or D-asp)(L-his)]. To a solution
of CoCl,-6H,O (2.4g) in water (20 cm?®) containing 109,
H,O, (5cm?® was added an aqueous solution containing
L-aspartic acid (1.33 g), vr-histidine (1.55g), and NaOH
(0.95g). The pH of this mixed solution became ca. 7.
The solution was stirred for 24h at 30 °C, concentrated
to about 20 cm?® and passed through a column (30 mmég X 700
mm) containing a strong acid cation exchange resin (Dowex
50WX8, Nat form). By slowly washing the column with
water, five bands were distinguished, the last three bands
corresponding to the isomers of the [Co(r-asp)(rL-his)]
complex. The three fractions were violet (H1), brick red
(H2), and red violet (H3) in that order of elution. In
order to separate the bands of Hl and H2 precisely, the
fractions were circulated several times in the column using
a quantitative micropump. The three fractions were eva-
porated to dryness below 30°C by a rotatory evaporator.
The isomers of the [Co(p-asp) (L-his)] complex were similarly
prepared using D-asp insted of r-asp. The three fractions
were violet (I1), brick red (I2), and red violet (I3) in that
order of elution. Found: (H1) C, 30.66; H, 4.95; N,
13.80%. Calcd for CoC,H,,O¢N,-3H,O: C, 30.21; H,
4.81; N, 14.01%. Found: (I2) C, 35.08; H, 3.87; N,
16.639%. Calcd for CoCH,;0N,-0.5H,O: C, 34.95; H,
3.81; N, 16.31%. Found: (H2) C, 33.01; H, 3.81; N,
14.81%. (H3) C, 32.65; H, 4.15; N, 15.00%. (I1) G,
32.81; H, 4.18; N, 15.40%. (I3) G, 32.35; H, 4.25; N,
14.89%,. Caled for CoC,oH,;;04N,-1.5H,O: C, 32.41; H,
4.35; N, 14.899%,.

The method of isomerization for the [Co(rL- or Dp-asp)(L-
his)] complex was similar to that described in a previous
paper.b Since the HI(I1), H2(I2), and H3(I3) isomers
could be easily separated by means of high speed liquid
chromatography (column contained a strong cation exchange

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

Results and Discussion

Characterrization. Figure 1 shows the possible
isomers of the [Co(L- or p-asp)(r-his)] complex. They
are denoted by L- or D-series with respect to the asp
used. Both series of mixed complexes are composed
of two meridional and one facial about the chromo-
phore [Co(N);(O);]. The isomers are denoted by
considering the 5-membered glycinato N and O atoms.
The two mer isomers for the L-series are denoted
by L-transOy cisN, and L-cisO; itransN,. Similarly the
three isomers of [Co(p-asp)(r-his)] are designated

0 0

;O N 10\,
/N\I/N NN o
/Co\ /Co /)(
N | YT o N

0
;0 0 ;0
/N\1/O /N\I/O 0
/CO\/ Co
/\NL (I)\/N NN
o/
N, NlH. He
/ 0 b | N O e
I>~H /—}\H
N o N
0\1,0 {7 0N o\|/o 0
/Clo\ /Co\ /
/
N oo N N
0 ¢ ]

Fig. 1. The six possible geometrical isomers of the
[Co(r- or p-asp)(r-his)] complex, a; cisOscisN;, b;
transOgztransNg, c; D-fac, d; transOscisNg, €; cisO,-
transN;, and f; L-fac.
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by D-cisOgisN,, D-transOgtransN;, and p-fac. Figures
2a and 3a show the electronic absorption spectra.

20

loge

Tms- [

25 30

x10 * cm!

Fig. 2. Absorption (upper) and CD (lower) spectra of

[Vol. 52, No. 1

Table 1 shows the numerical data for the electronic
absorption spectra of [Co(L- or p-asp)(r-his)], together
with those for the isomers of [Co(L- or D-asp)(L-2,4-
dba)].? The absorption spectra of the [Co(L- or D-
asp) (L-his)] complexes were similar to those for [Co-
(L- or p-asp)(L-2,4-dba)]. The ligand 1»-2,4-dba
differs from the histidine only in that it contains
the NH,—~CH,-group in the position occupied by the
imidazole group in histidine. The charge transfer
bands which tail into the visible region in the spectra
of the [Co(L- or p-asp)(L-his)] complexes are absent in
the [Co(L- or p-asp)(L-2,4-dba)] complexes. When the
elution order and the similarity of the visible absorption
spectra between [Co(L- or bp-asp)(rL-his)] and [Co-
(L- or p-asp)(r-2,4-dba)] are taken into account, the
isomers H1, H2, and H3 are tentatively assigned as
L-transOcis Ny, L-cisOgiransN;, and vr-fac. The isomers
I1, 12, and I3 are also assigned as D-cisOgisN;, D-
transOgtrans Ny, and D-fac in the same manner. Figures
2b and 3b show the CD spectra of the six isomers of
[Co(asp)(his)]. The CD spectrum for a specific
isomer ¢.g. the first eluate of the [Co(L- or D-asp)-
(r-his)] complex is quite similar to that for the isomer
being eluted in the same order e¢.g. the first eluate of
the [Co(r- or bD-asp)(r-2,4-dba)] complex. Both
isomers may have the same configuration as shown in

[Co(r-asp)(r-his)]. HI ( ), H2 (----), and H3 Fig. 1. However, the coordination of the r-his in
(—-—)- place of rL-2,4-dba for the [Co(r- or b-asp)(r-2,4-
TapLe 1. ApsorpTioON AND CD SPECTRAL DATA OF [Co(L- OR D-asp)(r-his)]
I band IT band
Complex Absorption CD Absorption CD
s ——t— —te— ————
Vmax® log ¢ Tmax As Vmax log & Vmax Ae
L-transOxcisN, 18.0 1.78 18.9 —1.70 27.5 1.99 27.5 0.40
(18.2)»  (1.92)  (18.7) (—2.50) 27.2)  (2.05)  (27.2)  (0.96)
20.2 1.83 21.5 0.60
(20.0)  (1.92)  (21.8)  (0.80)
L-cisOgtransNg 17.2 1.78 17.2 1.55 ca. 28 2.15 27.2 0.45
(16.7)  (1.44)  (17.5)  (2.28) 27.2)  (1.99)  (26.8)  (0.33)
20.4 1.78 21.5 —0.50
(20.4)  (1.97)  (19.8) (—0.20)
L-fac 19.5 2.12 18.2 1.20 ca. 27 2.05 27.6 —0.53
(19.3)  (2.23) (18.2)  (1.48) 27.3)  (1.90)  (ca.27) (—0.11)
20.6 —0.90
(20.6) (—0.56)
D-cisO5¢is N, 18.2 1.85 18.4 ~1.45 27.5 2.01 26.5 0.25
(18.3)  (1.75)  (18.4) (—2.80) @27.3)  (1.88)  (27.8)  (0.80)
21.2 1.65 21.2 0.95
(20.8)  (1.55)  (21.3)  (1.08)
D-transOstransNy 17.0 1.20 19.9 1.50 27.5 2.00 27.7 0.55
(16.8)  (1.38)  (16.7)  (2.75) @27.4)  (1.73)  (28.0)  (0.26)
20.8 1.68 20.3 —1.55
20.5)  (1.75)  (19.5) (—2.25) 24.8)  (0.10)
D-fac 19.5 2.20 18.4 0.90 27.5 2.02 27.4 —0.45
(19.3)  (2.13)  (16.7)  (0.10) 27.2)  (1.95)  (28.0) (—0.20)
20.6 —0.55
(19.8) (—0.40)

a) Wave numbers are given in 10° cm™L

b) The figures in the parentheses denote the data for [Co(L- or D-asp)(r-2,4-dba)].
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Fig. 3. Absorption (upper) and CD (lower) spectra of
[Co(p-asp) (L-his)]. Il ( ), I2 (--—-), and I3
(——).

7.06 3.86 372

.0 712 4.22 416 ﬂ‘

7,66 { 7.13[ 3.82 366 €
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ppm from DSS

Fig. 4. PMR spectra of a; HI,
and e; I3.

b; H3, c; I1, d; I2,

dba)] complex decreases the magnitude of the CD
peaks of the four mer isomers in the first absorption
band region. It is interesting that the CD spectrum for
the H1 isomer resembles that for the Il isomer in spite
of the coordination of the enantiomeric ligand.

PMR Specira. Figure 4 shows the PMR spectra
of the five isomers. The spectrum of I2 could not be
obtained because of its low solubility. The r-his
has the patterns of ABX and AX and the L- or p-asp
that of AX only. The peaks near § 8.0 ppm for the
five PMR spectra arc ascribed to the 2-protons of
imidazole and the peaks near ¢ 7 ppm to the 5-pro-
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tons of imidazole having a higher electronegativity than
that for the 2-proton. The peaks at ca. 3.4 ppm are
due to the methylene protons of asp and the peaks higher
than those to the methylene protons of rL-his. The
peaks at ca. 6 4.2—3.6 ppm are assigned to those of the
methine protons for r-his and L- or p-asp. The distri-
bution of all the peaks for the five isomers agree with
the prediction based on the empirical rule as devel-
oped by the authors.?) Consequently Hl, H2, and H3
were assigned as fransOgcis N, cisOglransNg, and vL-fac,
and Il, 12, and I3 as cisOxisN;, transOgiransN;, and
D-fac, respectively.

Isomerization of the Isomers of [Co(L- or D-asp)(L-his)].
All the isomers of [Co(L- or p-asp)(L-his)] isomerized
in water without any catalyst. Figure 5 shows a
series of chromatograms corresponding to the change
in concentration of each isomer due to the isomeriza-
tion of H3. Each isomer can be separated from the
mixture by high speed liquid chromatography. The
TSK-212 resin is eminently suitable for the separation
of the isomers of a complex with no charge. Since
no concentration loss of the complex due to other
reactions was found within experimental error, it was
possible to treat the concentration of the complex
as constant throughout the experiment and so network
analysis® is available for this reaction. The system of
differrential equations representing the behavior of the
system is shown as follows:

day/dt = —(kya+kig)ay + kayas + kaass
day/dt = kypay — (kaz+Fkep)as + kyeas,
day/dt = kyga; + kasae — (ka1 +Kas)as,

where a;, a,, and a, are the molar fractions of H1(I1),
H2(12), and H3(I3), respectively. The rate constant
of the reaction, for which the notation of the Hi(Ii)-
(:=1,2,3) isomer is transformed into Hj(Ij), is repre-
sented by k;;. This analysis was applicable for obtain-
ing the relative value of the rate constant (k).
In order to obtain absolute values (k;;), the relative
rate constans are substituted in a certain differential
equation, for example,

day/dt = k[kys'a;— (kas' +kay")az 4 kae'as],

12h 19h 36h
" /

0D (254 mn)

e .
10 20
min

Fig. 5.
the isomerization of the H2 isomer.
HI(11), c: H2(Il), and d: H3(I3).

High speed liquid chromatograms indicating
a: Marker, b:
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where £ is the ratio (ky,/k;s"). All the £;; of Hi and
Ii systems are shown in Fig. 6. In the case of the
H:i system, the values of the rate constants decrease
in the order ko3> ksy,kynkey>Fkiokse. Figure 7 shows
the experimentally observed compositions for isomeriza-
tion. The molar fractions at equilibrium are as follows;
H1(0.53), H2(0.06), and H3(0.41). The free energy
differences at 25 °C are as follows: AG,,=G(Hl)—
G(H2)=—RTIn(53/6)=—5.40 kJ/mol and AG,;=RT
In(41/6)=4.76 kJ/mol. In case of the Ii system,
the values of the rate constants decrease in the order
kos>kiska1>korkao>kis. This order closely resembles

H3 fac

13 fac

—(2.85)— —(090) —
H1 T (as0) T H2 It =04 — 12
t ranso; cisOg cisO; transOs;
cisNg transN;  cisNg transNg
X10° sec™
Fig. 6. Rate constants of the isomerization at 80 °C.
H3 fac 13 tac
(0.41) (0.51)
a b a b
H1(0.53) H2(0.06) I1(0.48) 12(0.01)
transQ, cisQ, ¢isO transQ,
cisNg transN; cisNg transNg
Fig. 7. Experimentally observed compositions for the

isomerization at 80°C. a: From HI(Il), b: from
H2(12), and c: from H3(I3).
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the Hi system. The molar fractions at equilibrium
are as follows: 11(0.48), 12(0.01), and 13(0.51). The
free energy differences at 25 °C are as follows: AG,,’
=G'(11)—G'(I12)= —RT1n(0.48/0.01)= —9.74 kJ/mol
and AG,;’=RTIn(0.51/0.01)=9.74 kJ/mol. In both
systems each isomer may have only a little steric hin-
drance and hydrogen bonding between the coordi-
nated his and asp. The fact that the molar fractions
are in the order (transOycisNy>L-fac»cisOgtrans Ny
for [Co(r-asp)(L-his)], and D-fac=cisOgcis Ny transOq-
transN, for [Co(p-asp)(L-his)] suggests the existance
of a common effect determing the molar fractions.
Firstly the transN, isomers must be less stable than
the c¢isN; isomers in both systems and secondly the
transOy isomers are a little less stable than the ¢isOy
isomers between mer isomers. In the case of the
iosmerization of [Co(p-asp)(1-2,4-dba)], the molar
fraction of the (ransOgtransN; isomer at equilibrium
was the smallest of the three, although the molar
distribution for the fac isomer was smaller than that
for «¢isOxisNy (cisOgcisNg, transOgtransN;, fac=0.68,
0.11, 0.21).1) Recently, investigations of the trans
effect for the cobalt(III) complex containing S-
bonded sulfite ligands have been reported.¥ In
cobalt(IITI) chemistry, S-bonded sulfite produces a
specific and dramatic labilization of the ligands
situated in the trans position. This electronic effect
which is transmitted through the bonds may apply
in this our study, .. it is suggested that the two a-
nitrogen atoms avoid the trans position around a Co-

(I1I).
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The mass spectrometry of alkyl nitrites and alkyl nitrates with chemical ionization using methane and
isobutane as reagent gases produces quasi-molecular ions, (M+ 1)+ andjor (M—1)+. These ions have maximum

abundance for lower nitrates and nitrites.

The chemical ionization mass spectrometry, in conjunction with

gas chromatography, can be used for quantitative estimation of alkyl nitrates and nitrites in very low

amounts.

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

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

Experimental

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

Results and Discussion

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

t Presented at the 37th National Meeting of the Chemical
Society of Japan, Yokohama, April 1978.
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Fig. 1. Mass spectra of methyl nitrate (MW 77).
46 El
29 76
—ll 1 l
CI(CHg) 92
46 64 137
. 1 , QL
6 Ci( iSO—CAH]O )92
4
A 76
310 ||| . él N L LLQL.O .:I:l)’7
Fig. 2. Mass spectra of ethyl nitrate (MW 91).

The CI patterns are for CH, and i-C,H;, as reagent
gases. The conditions of the mass spectra presented
in Figs. | to 8 are as follows. EI spectrum: Ion-source
temperature 170 °C, Electron energy 70eV, Pres-
sureff’ 7 10-7 Torr. CI(CH,) spectrum: Ion-source
temperature 170 °C, Electron energy 500 eV, Pres-
suref 3% 105 Torr. CI(-CH,,) spectrum: Ion-
source temperature 170 °C, Electron energy 500 eV,
Pressurefft 0.75x10~5 Torr.

The main reactant ions are known to be CH," and
C,H;* when methane is used as the reagent gas.5
Similarly with i-C,H,, as the reagent gas, t-C,Hy* is
the main reactant ion.>? The proton and hydride
transfer reactions of these ions are important for analy-
tical purpose, because they generate the quasi-molecu-
lar (M41)* and (M—1)* ions respectively.

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

ttt  Pressure is monitored between the ionization chamber
and the vacuum pump in the apparatus. This pres-
sure relates only to the reagent gas pressure.
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Fig. 3. Mass spectra of pentyl nitrate (MW" 1;2:).
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Fig. 4. Mass spectra of isopentyl nitrate (MW 133).
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Fig. 5. Mass spectra of ethyl nitrite (MW 75).

RH + CHy+/C,H,*/t-C,Hyt ——
RH,* + CH,/C,H,/C,H, (1)
RH+ C,H,+/t-C,H,* —— R+ 4 C,H/C,H,, (2)

A perusal of the figures shows that the mass spectral
patterns obtained with CH, as the reagent gas are
generally simpler (less fragments) and therefore, CH,
is more suitable for the identification and analysis of
alkyl nitrates and nitrites by CI mass spectrometry.

Almost all the compounds produce (M+1)+ ion,
but only in the lower homologues of nitrates and nit-
rites(with 1 and 2 C-atoms), it is the most abundant
one. There may be two reasons for this viz.(i) with the
increase of chain length of the molecule, the bond
energy decreases causing easy fragmentation of the
quasi-molecular ion and (ii) Reaction 1 producing
(M4 1)+ ion may be sufficiently exothermic in higher
homologues to exceed the bond dissociation energies.
The latter explanation is more reasonable, because the
decrease of bond dissociation energy from 1-C to 5-C
compounds is not likely to be high.®) Thus, the proton

[Vol. 52, No. 1
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Fig. 6. Mass spectra of butyl nitrite (MW 103).
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Fig. 8. Mass spectra of isopenthyl nitrite (MW 117).

affinity of ethyl nitrates and nitrites may be higher
for higher homologues, because heat of Reaction 1
is given by the following equation.”
AH, = PA(CH,/C,H,/C,H,)-PA(RH) 3)
(PA stands for proton affinity)

The (M—1)7* ions generally do not have high abun-
dance. It is also observed with our limited data that
these ions are present in relatively greater abundance
in the nitrite spectra than in the corresponding nitrate
spectra with any particular reagent gas.

The EI spectra of the compounds reported in this
paper are consistent with those documented in the
literature.®1?) Two characteristic ions present in the
EI spectra of the nitrates are, NO,* (m/e=46) and
CH,ONO,* (m/¢=76).11 The corresponding ions,

1 Present in normal-type alkyl nitrates and nitrites ex-
cept in CH,ONO, and CH;ONO.
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NO+(m/e=30) and CH,ONO* (m/e=60)1 are also
present in the EI spectra of the nitrite esters. In
addition to the above characteristic ions, many frag-
ments from the alkyl carbon chain are also present.
In higher homologues of the nitrate and nitrite com-
pounds, these mass fragments from the carbon chain
have relatively high abundance. Details of the EI
spectra are not intended to be discussed in this paper.

Influence of Temperature and Pressure. The in-
fluence of temperature and pressure on the CI mass
spectral pattern was studied in detail with ethyl nitrate
as the substrate. Figure 9 shows the fraction of
the relative abundance of the main ion (m/e=92) uvs.
temperature of the ionization chamber and pressure.
It can be seen that the quasi-molecular ion has got
maximum abundance at low temperature (170 °C) and
pressure of =3 %1075 Torr and =0.8 x 103 Torr res-
pectively for CH, and ¢-C,H,, as reagent gases. The
CI mass spectral patterns presented in this paper have,
therefore, been taken at 170 °C. and the above men-
tioned pressures.

1.0 1.0
=
CH

; 05 _\\.*4._ 05k .,Q\H.z,

N \

Z P0Gy o~

o T4 »is0-CHi0
‘ 1 1 1 ]

170 210 250 0 3 6

Temperature (°C) Pressure{ x10 mmHq)

Fig. 9. Pressure and temperature dependence of mass
fragments of ethyl nitrate.

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

Methyl Nitrate (MW 77)(Fig. 1). M-+1)+
is the ion with maximum abundance. Other major
ions present are mje=41, 46 (NO,t), and 47(NO,H+)
for CH, as reagent gas and m/e=30 (NO+), 41, 42,
45 (CH;ON%), 46 (NO,*), 47 (NO,Ht), 55, 61 (CH,-
ONO+), 69, 72, 73 (C,H,Ot), 74, 75, and 89(CH,-
0,*) for i-C,H,, as reagent gas. m/e=73 and 89 ions
may be formed by the separation of CH;ONO (m=
61) and CHON (m=45) groups from the cluster ion,
(RH+GCHg)*. Such cluster ions are very common in
CI mass spectra with ¢-C,H,;;,.'» Unfortunately
there are many unassigned ions, but only mje=41
ion has relatively high abundance.

Ethyl Nitrate (MW 91)(Fig. 2). As in the case
of methyl nitrate, the (M41)+ jon has maximum
abundance. Other ions present are m/e=30 (NOY),
45 (C,H,O0%), 46 (NOyt), 47 (NO,H*), 64 (H,NO,"),
76 (CH,ONO,"), and 137. The m/e=64 ion may be
formed by the reaction between the reactant ions and
RH or RH," by intramolecular rearrangement and frag-
mentation. The m/¢=137 ion may also be specu-
lated as [(2M 4 1) —NO,]* ion, derived from (2M+1)+
ion very often seen in the CI spectra.
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Pentyl and Isopentyl Nitraie (MW 133)(Figs. 3 and 4).
Quasi-molecular (M—1)+ ion is present in very low
abundance. (M+1)* ion has still less abundance.
The base peak is due to C;H;;* (mfe=71). Other
ions produced in significant amounts are mfe=46
(NO,*), 57 (CyHy"), 69 (C;Hy*), 72 (C;Hy,t/CHyO™),
73 (CH,O%), 85 (C;H,O%), and 87 (C;H,;,O%).

Ethyl Nitrite (MW 75)(Fig. 5). As in the
case of ethyl nitrate, (M+1)* jon has got maximum
abundance. The (M+1)+ peak is more prominent in
this compound than in ethyl nitrate. The other
major ions are m/e=30 (NO%), 45 (C,H,Ot), 47
(NO,H*), 59 (C,H;ON+), 85 (CeH,,%), 86 (CgHy,™),
and 87 (C;H,ON+). The last three ions are seen mainly
in the i-C4H;y spectrum. They may be formed by
the separation of NO,H (m=47), NO,(m=46), and
GC,H;O (m=45) groups respectively from the cluster
ion (RH+CH,)+.

Butyl Nitrite (MW 103)(Fig. 6). Quasi-molec-
ular (M—1)+ and (M+1)* ions are present in fairly
good abundance. In the CHjspectrum, the former
is the base peak. Other major ions present are mfe=
30 (NO+), 43 (C;H,*), 57 (C,Hyt), 73 (C,H,0O1), 86
(C,HyON+), 88 (C,H,ONO+), 113, 115, 118, 129,
131, 147, and 174. The last seven ions are obviously
cluster ions whose origins are difficult to speculate.
However, except mfe=131 and 174 ions, all of them
are present in relatively low abundance.

Pentyl and Isopentyl Nitrite (MW 117)(Figs. 7 and 8).
Both (M+1)+ and (M—1)* ions are present in low
abundance, but the latter ion has comparatively greater
abundance. Other major ions present are, mfe=41
(CH;t), 43 (CH, 1), 57 (C,Hyt), 69 (C;Hgyt), 71 (Cj-
H,,*), 85 (C,H,O*), 86 (C,H,ON™), 87 (C,H,,0%),
and 100 (C;H,ON+). Many cluster ions are also
formed in very low abundance.

Quantitative Analysis by Mass Fragmeniography. To
study the possibility of quantitative analysis of alkyl
nitrates and nitrites in trace amounts by CI mass
spectrometry, mass fragmentography was attempted.
This was measured at m/e=76 and 92 respectively for
ethyl nitrite and ethyl nitrate using CH, as the re-
agent gas. PEG 400 at room temperature was used
as the column material. It has earlier been success-
fully used for the separation of many organic materi-
als, including PAN, in the atmospheric smog.'®» This

N
T

Peak area(x10-lecm?)
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5 10 15 1 20
Amount of CoHsONO»(x10"'g)

Fig. 10. Calibration curve for the analysis of ethyl
nitrate by GC-CI-MF.
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Fig. 11. Calibration curve for the analysis of ethyl
nitrite by GC-CI-MF.

also has been used to separate different alkyl nitrates
of low molecular weights from one another.’?) Helium
was used as the carrier gas (flow rate 8—I1ml/min).
Standard solutions of the compounds in ethanol, in
which they are stable, were injected into the column
of the GCG-MS apparatus and mass fragmentograms
taken at appropriate GC peaks and mass numbers.
The above column material could adequately sepa-
rate the compounds from ethanol.

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

[Vol. 52, No. 1

surface of the syringe. A better sampling technique
may improve the sensitivity limit.

The authors are grateful to the Japan Society for
the Promotion of Science (JSPS) for award of a Senior
Co-operative Fellowship to one of them (RCD). Also
they wish to thank the Ministry of Education of the
Government of Japan for supporting this research
from the Fund for Environmental studies.
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The Rates of the Hydrogenation of the Coordinated Styrene and
Acrylonitrile in a Rhodium-Olefin Complex [RhCIH,(ol)(PPhy),]
Yoshimi Onurani, Akihiko Yamacisui, and Masatoshi Fujmmoro*

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

Kinetics of the hydrogenation of coordinated styrene and acrylonitrile in a rhodium-olefin complex
RhCIH,(ol) (PPh,), (ol=styrene or acrylonitrile) was studied by stopped-flow method and by the direct

measurements of hydrogen-gas uptake.

The equilibrium constant of the reaction RhCl(ol)(PPh,),+H,=

RhCIH,(ol) (PPh,),, K,s and the rate of the hydrogenation of the olefin in the complex RhCIH,(ol)(PPh,),,
ky5, were determined to be 3.2x10% mol-'dm?® and 2.7s-! for styrene, and 3.5X 102 mol-1dm?® and 0.50 5!

for acrylonitrile, respectively.
data for cyclohexene were also briefly mentioned.

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

Though no direct evidence was reported so far, the
catalytic hydrogenation of olefins is believed to proceed
in the molecule of an intermediate dihydrido-olefin
complex, RhCIH,(ol)(PPhg), (ol=olefin), the rate-
determining step being suggested to be the insertion
of the coordinated olefin into an Rh-H bond to
yield an alkyl complex (Scheme 1).5% Thus the
direct measurements of the step of production of an
alkane from the intermediate dihydrido-olefin complex
RhCIH,(ol)(PPh;), would be desired.

H,
1 RhCI(PPh,), <~ RhCIH,(PPh,), 2

ol ()}

PPhs PPhs

H,
3 RhCl(ol) (PPhy), ‘L—\ RhCIH,(ol) (PPh;), 4

Hydrogenation of olefin 5

Scheme 1.

Recently Halpern et al. reported the value of k4
for cyclohexene as an olefin measured in the presence
of a large excess of the free ligand PPh,.%1% Since
the predominant species involved under this condition
are 1 and 2, they did not observe directly the process
4-5. The value estimated by them from the small
intercept, however, can include a serious error. The
value obtained by them (k;;=0.20+0.04 s1, at 25 °C)
seems to be too small (vide infra).

The differences in the values for these two olefins were discussed.

The

In the previous paper on the catalytic hydrogenation
of acrylonitrile, we confirmed the formation of RhClH,-
(ac)(PPh,), (ac=acrylonitrile) in the absence of free
PPh, added, and evaluated the value of k.10t
However, for the value of Ky only the lower limit
could be determined by the stopped-flow measurements,
giving consequently only an upper limit for the value
of kys.

In the present study, we adopted styrene as an
olefin having a much lower coordinating ability than
acrylonitrile. The values of K3, and k45 were determined
by the stopped-flow method and the direct measure-
ments of the hydrogen-gas uptake. The corresponding
values for acrylonitrile, which had been estimated only
from the stopped-flow method,!V) were also re-examined
by the direct measurements of the uptake of hydrogen
gas.

Experimental

Chlorotris(triphenylphosphine)rhodium(I) and  chloro-
(ethylene)bis(triphenylphosphine)rhodium(I) were prepared
according to Osborn et al.9  Triphenylphosphine was
recrystallized from ethanol. Benzene was distilled. Acrylo-
nitrile and styrene were distilled under reduced pressure
and used within a day. Commercial hydrogen and nitrogen
were used without further purification. The concentration
and the purity of hydrogen were determined by gas chro-
matography through Molecular sieve 5A.

All measurements were carried out at 20=+1 °C in oxygen-
free benzene. A solution of RhCl(ol)(PPh;), was prepared
by dissolving RhCI(C,H,)(PPh;), in benzene containing
styrene or acrylonitrile, and by removing the dissociated
ethylene. The coordinated ethylene was easily replaced by
the olefin, leaving a pure RhCl(ol)(PPh,), in benzene. The
resultant solution was confirmed to contain no free PPh,. 10

The equilibria of the reaction were measured at 450 nm
under an anaerobic condition with a Hitachi EPS-3T
spectrophotometer or a Union Giken RA-1300 stopped-flow
apparatus. The rates of the hydrogenation of olefins were
measured by the uptake of hydrogen-gas as described
previously.1)

Results and Discussion

Styrene. Equiltbria: The mechanism shown in
Scheme 1 is proposed for the hydrogenation of olefins.!1)
The steps of the complex formations are assumed to
be in pre-equilibria. The hydrogenation of the
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coordinated olefin is the rate-determining.5®  The
equilibrium constant for each step of the complex for-
mations was obtained separately from the equilibrium
measurements.

The value of K, ; was obtained from the measurements
carried out by the addition of the solution of PPh,
little by little to the solution of RhCl(st)L, (st=styrene
and L=PPh,) containing no free ligand PPh;. Figure
1 shows the dependence of the absorbance of the solution
on the concentration of added PPh,. The solid curve
reproduced with the value K;3=2.4x10-* agrees well
with the experimental values.

When a benzene solution containing hydrogen was
rapidly mixed with the solution of RhCI(st)L, by
stopped-flow technique under the condition of [Rh]<
[H,],<[St], the stepwise changes in the absorbance
at 450 nm were observed. First, a rapid exponential
decrease in absorbance owing to the formation of
RhCIH,(st)L, was observed. The signal terminated
within 0.1s. Then the absorbance slowly increased
as the hydrogen in the solution was consumed for the
hydrogenation of the styrene.!) After 20 s the absorb-
ance was again increased to the initial value, showing
the consumption of all hydrogen molecule and the

0.44
8
g
2 040
)
2
8
<
0.36 |-
i 1 1
0 5 10 15
[PPh,]e/10-3 mol dm=2
Fig. 1. The dependence of the absorbance of the

RhCI(st) (PPh,), solution on the concentration of PPh,
added. [RhClI(st)(PPhy),],=2.6 X 10~* mol dm~3, at
450 nm, and 20°C. The solid curve in the figure
is reproduced with the value K;;=2.4x1074

4 o
L 5
S
|
% 3 10 15
[H,]/10-* mol dm—3
Fig. 2. The dependence of the absorbance decrease on

the concentration of hydrogen in the reaction of
RhCI(st) (PPhy), with hydrogen. The solid line in
the figure is reproduced using the value Kj=3.2X
10° mol-! dm3, which is obtained from the measure-
ments of hydrogen-gas uptake.
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reproduction of RhCl(st)L,. Figure 2 shows the
dependence on the concentration of hydrogen of the
decrease in absorbance in the first step. The value
of K,y was calculated from the change in absorbance.
In order to ascertain the validity of the values obtained
above, we compared these values with those obtained
from the direct measurements of the hydrogen-gas up-
take. The curve in Fig. 2 is reproduced using the
value of Kz=3.2x10% mol-! dm?® evaluated from the
measurements of the hydrogen-gas uptake, showing
a good agreement with the results of the stopped-flow
measurements.

The value of K,, was estimated to be 2.1 X 104 mol-!
dm31%) Thus, from the relationship Kyy=K,3K3/K;,
the value of K,, was calculated to be 3.7 x10-5.

Hydrogen-gas Uptake:'V The rate of the hydrogena-
tion of styrene was directly measured by the hydrogen-
gas uptake at 1 atm hydrogen. Figure 3 shows the
rate constants observed at various concentrations of
added PPh,. From the results, the values of K, and
k4 can be estimated by the curve-fitting method.

g

-

1

o

2

21

e
0 1 T
0 1 2

[PPh,],/10-2 mol dm—3

Fig. 3. The plot of the observed rate constant kobsa
for the hydrogenation of styrene vs. the concentration
of PPh; added. The initial rates of the hydrogen-gas
uptake were measured. [Rh],=6.4%x10-5 (1.3x10-¢
mol), [St]=2.6, and [H,]=2.8Xx10-*moldm2 @;
RhCI(PPh,), without adding PPh;. The solid line
in the figure is reproduced using K =3.2X 103 mol-!
dm3 and k43=2.7 s71.

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

R 2 2
Foma = kel O

where [Rh], denotes the total concentration of rhodium
species. Since the value of [RhCIL,] is about 1/60
of [RhCIH,L,] at 1 atm hydrogen, as calculated from
the value K,;,=[RhCIH,L,]/[RhCIL,;][H,]=2.1x10*
mol-1 dm3, the contribution of RhCIL; can be
neglected. Therefore, [Rh]; and the total concentra-
tion of added PPh,, [L], are approximated as fol-
lows:
[Rh]; ~ [RhCIH,L,] + [RhCI(st)Ly] + [RhCIH, (st)L,]
@)
[L] = [L], — [RhCIH,L,] ©)

The value of equilibrium constant K, is calculated by
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[RhCl(st)Ly][H,][L]
Koo = KiolKr2 = Ry GIFL LI [St]
__[RRCI(s)L,][H,] {[L],— [RRCIH,L,]} )
= [RhCIH,L,][St]

= 1.2 x 10-® mol dm—3.

The concentrations of RhCIH,(st)L, are calculated
from Eqs. 2 and 4 by estimating an adequate value
for Kyy=[RhCIH,(st)L,]/[RhCl(st)Ly] [Hp]. The value
of ks can be determined by introducing the calcu-
lated value of [RhCIH,(st)L,] into Eq. 1. A set
of K, and k, used for the calculations, which fit
well with the experimental values, is evaluated to be
K;,=3.2x10*mol- dm3 and k,=2.7s71, giving the
solid line depicted in Fig. 3. Disagreement of the
values obtained under the condition without PPhy
added may be caused by the partial decomposition of
the bis(triphenylphosphine) complex.

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

The equilibrium constant K in Eq. 6 was determin-
ed to be 5.5x 104 mol~! dm?® from the measurements
of the reaction varying amounts of styrene with the
dimer.

K
(RhCILy), + 2S5t == 2RhCI(st)L, ©6)
p. ¢
9RhCIL, === (RhCIL,), + 2L 0

The value of K,; was determined also from Kg and
K to be 2.2x10-* based on the relationship K;3=

K/2K 12, The value agrees well with that obtained
above.
Acrylonitrile. Hydrogen-gas Uptake:® In the pre-

vious paper we reported the values, Kz>150 mol-!

[PPh,],/10~* mol dm~3

Fig. 4. The plot of the observed rate constant for the
hydrogenation of acrylonitrile vs. the concentration of
PPh, added. The initial rates of the hydrogen-gas
uptake were measured. [Rh],=1.5Xx10"* (2.9x10-¢
mol), [H,]=2.8x10-% and [Ac]=0; 0.015, @;
0.031, ©; 0.046, @; 0.15, D; 0.46 moldm=>. The
solid curves in the figure are reproduced using the
values of K;=3.5Xx102mol-1dm?® and ky=0.50 s~

Hydrogenation of Styrene and Acrylonitrile in RhCIH,(ol) (PPhy), 71

dm?® and £,,<0.74 s71. In the present study, the rate
of the hydrogen-gas uptake was directly measured at
various concentrations of acrylonitrile and added
PPh, (Fig. 4). The values of K and ky; were cal-
culated in a similar manner to the case of styrene, to
be 350 mol-1dm3 and 0.50 s~1, respectively, the value
Kyp3=K,3/K;,=0.22/(2.1 x 109)=1.0x 1075 being used.
The solid line in Fig. 4 are reproduced using these
values of K,, and k,;.

Discrepancies in the data observed without PPh,
added may be due to the dissociation of the coordinated
ligand PPh,, which causes the formation of some
catalytically inactive species.

The distinct differences observed in the behavior
of acrylonitrile and styrene are summarized as follows:
Whereas the value of K,;; for acrylonitrile is about
103 times as large as that for styrene, the values of
K;, and k,; for styrene are by several times larger
than those for acrylonitrile. These differences may be
attributed to the difference in the coordinating prop-
erties of the two olefins having a cyano and a phenyl
group as substituents. Acrylonitrile having a strong
electron-withdrawal cyano group shows a large K,
because of the strong back-donation from the central
rhodium atom. Therefore, the addition of hydrogen
molecule to RhCl(ac)L, would become difficult, since
the electron density on the central rhodium atom is
decreased owing to the strong back-donation. The
electron-releasing phenyl group in styrene would act
oppositely.

Recently Halpern et al. reported the value of £y
for cyclohexene 0.20+0.04 571 at 25 °C in the presence
of a large excess of PPh;. Although we intended also
to obtain the value of £,; for cyclohexene without PPhy
added, the measurements were not possible owing to
the unfavorable precipitation of the dimeric species
under the given conditions. The value of K3 for
cyclohexene may be much smaller than that for styrene,
suggesting a much lower concentration of the resultant
intermediate dihydrido-olefin complex, RhClH,(ol)L,,
than that for styrene. When tris(triphenylphosphine)
complex, RhCILg, is used as the catalyst, the observed
overall rate constant for the catalytic hydrogenation
of cyclohexene is about 1/3 as small as that of styrene.”
Thus, the value of kg5 for cyclohexene is expected not
to be much smaller than that for styrene. It may
be estimated to be at least larger than 0.20s-1,
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Several dimethyllead(IV) complexes with ONNO quadridentate Schiff base ligands have been prepared.
The spin-spin couplings between the lead nucleus and the azomethine proton of the ligands, 3 J (*"Pb-N=CH),

as well as the lead-methyl proton couplings, 2J(297Pb-CH,), have been observed in various solvents.
J values inclease with an increase in donor strength of the solvents.

Both
The mean excitation energy, the AE

term in the Fermi contact term plays a dominating role for the lead-proton spin-spin coupling constants.
Two methyl proton signals wcre, for the first time, found to be magnetically non-equivalent in the dimethyl-

lcad(IV) complex of sapr.

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

JM,H) = const-ay?-ay(ns) -agy(1s)/AE, ()

where «y? is the s character of the metal orbitals in
the metal-carbon bonds, ay(ns) and ay(ls) are the
hyperfine coupling constants of the ns electron in a
metal atom and the 1s electron of a proton respectively.
AE is the mean singlet-triplet excitation energy.

It has been reported that in methyltin compounds
the 2/(11%8n—CH,) values depend almost entirely on
the s character of the tin orbitals used in the tin—carbon
bonds,*:® and in the methyl compounds of Hg and
Tl, the effective nuclear charge is the dominating
factor in addition to the s character.) In dimethyl-
lead(IV) compounds changes of the 2J](207Pb-CH,)
values with the solvent depends largely on the AE
term.5)

In dimethyllead(IV) complexes, the spin-spin coupl-
ing constants between the lead nucleus and the ligand
protons have, in most cases, not been observed, for
example in (CHj),Pb(acac), (acac=acetylacetonato).>®
The 2] (2°"Pb—CH,;) values have however been observed.
One of the possible explanations is ligand dissociation;
Eq. 2 and/or intermolecular exchange of the acac;
Eq. 3 on the TH NMR time scale.®)

(CH;),Pb(acac), === (CHj;),Pb(acac)* + acac™ (2)
(CH,),Pb(acac), + (CH;),Pb(acac*), ==
2(CHj,),Pb(acac) (acac*) (3)

Therefore, the mechanism of the lead-proton spin-spin
coupling of dimethyllead(IV) complexes has been
discussed mainly on the basis of changes in the 2 J(2°"Pb—
CH,) values.l®5*£7 However, observation of the
lead-ligand protons spin-spin coupling constants are
of importance to verify our previous assumptions that
changes of the spin-spin coupling constants of dimethyl-
lead(IV) complexes depend on changes in the AE
term.)

In this work, ONNO quadridentate Schiff base
ligands, shown below, were selected, since these ligands
have been known to coordinate storongly to the central
metal atom® and a spin-spin coupling constant between
the lead nucleus and the azomethine proton of the
ligands, 2J(2Pb—N=CH), may be predicted.

H

H
1 i
R~
@[C;N N//Cji)
on -0
L

; N,N’-ethylenebis(salicylidene-
aminato): saln

R=-CH,CH(CH,)-; N,N’-propylenebis(salicylidene-

aminato): sapr
R :<_>
/7N
,CH.

50

Materials. Dimethyllead dichloride was prepared
by the chlorination of tetramethyllead in ethyl acetate at
—10°C.»  Schiff bases, N,N’-alkyl- or -aryl-substituted-
bis(salicylideneamine)s (H,L) were prepared from dehydra-
tion reactions between salicylaldehyde and the correspond-
ing diamines by refluxing in ethanolic solution.!® The
solvents used were reagent grade and purified according
to the standard method except for CDCI,; which was used
as supplied.

Preparation of (CH,),PbL-S (L =saln, sapr, saph, and sato;
S=CH,0H or H,0). Dry methanol solution (20 dm?)
of the sodium salts of an appropriate Schiff base (Na,L),
prepared from sodium methoxide in methanol (Na; 0.5 g,
20 mmol) and H,L (10 mmol), was added dropwise under
stirring to dimethyllead dichloride (2.5g, 10 mmol) in dry
methanol (30dm3) and the mixture was stirred for a few
hours. The precipitates were filtered, washed with benzene
and methanol, and recrystallized from hot methanol. The
crystalline complexes obtained in this manner contained
one molecule of methanol or water.l

Molecular Weight and Conductivity Measurements. The
molecular weight of (CHj),Pb(saln)-CH;OH in CHCI,

R =-CH,CH,-

5 N,N’-o-phenylenebis(salicylidenc-
aminato): saph
3
; N,N’-(4-methyl-1,2-phenylene)-
bis(salicylideneaminato) : sato

Experimental
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(0.5 wt %) was established using a Mechrolab vapor-pres-
sure osmometer at 25 °C and was found to be 562 (504
caled for (CH,),Pb(saln)). This suggests that the methanol
in the complex is free in solvents.!» Molar conductances
in DMSO were measured by a Yokogawa F-225A Univer-
sal bridge and a cell with a cell constant of 0.377 cm~! at
2540.1 °C. The specific conductance of DMSO used was
£=42x10"7Q"1cml. Molar conductances (A,) of
(CH;).PbL-S in DMSO (103 mol dm=3) were <0.8£!
cm?mol-! (Table 1). All complexes were found to be
non-electrolytes.

The IR, 'H NMR, and UV Spectra. The IR spectra
were recorded on a Hitachi 225 spectrophotometer. The
!H NMR studies were conducted on a JEOL-PS-100 spec-
trometer operating at 100 MHz. All data were obtained
in ca. 4 wt%. Chemical shifts were measured wih TMS
as internal standard at ambient temperature. The UV
spectra were recorded on a Hitachi model 356 spectro-
photometer with 0.1 cm quartz cells.

Analytical data, physical properties, and IR, 'H NMR,
and UV spectral data for the dimethyllead(IV) complexes
prepared in this study are summarized in Tables 1—6.

Results and Discussion

As expected, the spin-spin coupling constants between
the azomethine proton and the lead nucleus, 3 J(2*“Pb-
N=CH), were observed for all complexes; (CHj),PbL-S
(L=saln, sapr, saph, and sato; S=CH;OH or H,0)
(Tables 2—5).13) The chemical shifts of the ligand
protons, in all cases, moved to a higher magnetic field

Tetsuro MajiMa and Yoshikane Kawasakil
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upon complex formation. In the case of the sapr
complex two azomethine proton signals with different
3 J(27Pb-N=CH) values were observed, thought due
to the effect of the methyl group in the propylene unit
in sapr and the difference in the strength of coordina-
tion of the two azomethine nitrogen atoms to the lead
atom. One azomethine proton being closer to the
methyl group (H,) is more shielded (up-field shifts
of ca. 0.05 ppm) and has a larger spin-spin coupling
to the lead nucleus than the other (H,). Similarly,
in the sato complex two azomethine proton signals
were observed, the difference in chemical shift being
smaller than in the sapr complex, and the two 3 J (2"Pb-
N=CH) values were equal within experimental error.
Assignment of two signals is difficult to make from
this result only. In IR spectra (Table 1), the stretching
frequencies of the C-N double bond in CH,Cl, (1608—
1620 cm') and in hexamethylphosphoric triamide
(HMPA) (1608—1625 cm1) are almost the same but
move to lower frequencies from those of the free Schiff
bases (1618, 1620, 1628, and 1635 cm~! for Hysaln,
Hgsapr, Hysaph, and Hysato in CHyCI, respectively).
None of these complexes exhibited electric conductivity
in DMSO (Table 1). Consequently, the ligand in
these complexes may be assumed to coordinate to the
lead atom as ONNO quadridentate ligands in all the
solvents, according to a similar discussion in the dimethyl-
lead complexes series.” In the UV spectra of (CH,),-
Pb(saln)-CH,OH (Table 6), a blue shift for the longest
wavelength band was observed in the change from

TaBLE 1. ANALYTICAL DATA, PHYSICAL PROPERTIES, AND IR spEcCTRAL DATA OF (CH,),PbL-S
(CH,),PbL.-S M Found (Caled) (%) A Found ”((Cglilf)
Color Mp ©Tem®  (Caled) ).
) mol~1) molwtp 0 CHeCLY
L S H N Pb (in HMPA)®
saln CH,OH yellow 180 42.42 4.13 5.30 38.44 0.75 562 1620
(42.61) (4.52) (5.23) (36.68) (504)® (1625)
sapr CH,OH yellow 1439 44.07 5.02 4.97 37.41 0.53 —D 1616
(43.71) (4.77) (5.09) (37.69) (1615)
saph CH,OH orange-yellow 1489 47.12 4.06 4.73 35.29 0.50 —0 1607
(47.33) (4.14) (4.80) (35.50) (1605)
sato H,O orange-yellow 1529 47.15 4.00 4.77 35.59 0.71 —h 1608
(47.33) (4.14) (4.80) (35.50) (1606)
a) In DMSO. b) In CHCl;. c) 5wt%. d) Decompose. e) Calcd for (CH,),Pb(saln). f) Not measured.

TasBLe 2. THe 'H NMR specTtrAL DATA OF (CHj;),Pb(saln)- CH,OH

d(ring proton)® (ppm)

Solvent §(N=CH) ) : 6(CH,) 6(OCH;) 6(Pb—-CHj;) %/ (3"Pb-CH,) 2J(2"Pb—N=CH)

(ppm) 4.H» 6-H9 3%-H® 5.HY (ppm) (ppm) (ppm) (Hz) (Hz)
CDCl, 7.86 7.24 7.00 6.60 6.42 3.90 3.43 2.06 157.8 23.4
CH,Cl, 7.88 7.16 7.03 6.53 6.37 3.88 3.22 1.99 162.1 24.1
CH,OH 8.00 7.14 7.09 6.60 6.48 3.93 —a 2.02 163.8 25.9
(CH;0),PO 7.98 7.07 7.04 6.36 6.25 —a —a 1.86 172.8 27.0
Pyridine 7.97 —» —9 6.54 6.32 3.67 —d 2.03 180.0 28.1
DMSO 7.99 7.09 7.06 6.43 6.27 3.81 —a 1.77 178.8 29.0
HMPA 8.16 7.04 7.06 6.36 6.17 3.89 —a 1.78 187.5 29.3

H

a)

6
YA /C*N , b) dd signal. c¢) d signal. d) Obscured by the resonance peaks of the solvents.

Yo
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non-coordinating solvent to donor solvent.
bands exhibited small changes.
different for (CH,),Pb(ox), (ox=8-quinolinolato) in
which the red shift was obtained at the longest wave-
length®) and this may arise from a difference in co-

Other

This, however, is quite

ordination to the lead atom.

The 2J(2"Pb—CH;) values of these complexes in
CDCl; (154—158 Hz) are comparable to those of many
dimethyllead(IV) complexes having a six-coordinate
configuration with a linear C-Pb-C skeleton (for

TasLe 3. ThHE 'H NMR specTRAL DATA OF (CHj),Pb(sapr).CH,OH®»

(o
3

0(N=CH,) ¢ (ring proton) (ppm) §(-CH-)D 6(CH,)D
Solvent 8(N=CH,) |
(ppm) 4-HV 6-Ho 3-HO 5-He) (ppm) (ppm)
CDCl, 7.82 7.12 7.01 6.60 6.41 7.12 3.86
7.87
CH,Cl, 7.82 7.14 7.02 6.56 6.40 7.14 3.85
7.87
CH,OH 8.03 7.20 7.16 6.64 6.51 7.20 —b)
8.08
(CH,0),PO 7.97 7.13 6.99 6.35 6.24 7.13 —b)
3.02
Pyridine —h) —b) —h) 6.62 6.53 —h) 3.60
DMSO 7.96 7.08 7.03 6.40 6.27 7.08 —h)
8.01
HMPA 8.04 7.05 6.98 6.33 6.14 7.05 —b)
8.09
6(CH,)® 6(Pb-CH,) 2 J(2"Pb-CH,) 8 J(297Pb-N=CH,)
Solvent 3 J(27Pb—N=CHy)
(ppm) (ppm) (Hz) (Hz)
CDCl, 1.32 2.03 160.5 23.2
2.06 22.2
CH,Cl, 1.30 1.99 161.4 24.1
2.01 22.1
CH,OH 1.30 1.93 164.4 24.9
1.96 23.5
(CH,0),PO 1.27 1.84 168.6 25.1
1.85 23.7
Pyridine 1.11 1.99 177.6 —b
2.02
DMSO 1.18 1.75 181.4 30.0
1.76 27.8
HMPA 1.19 1.73 186.0 30.5
1.75 27.9
a) I-‘Ib CH, H, b) dt signal. «c¢) dt signal. d) d signal. e) dd signal. f) m signal.
& / |
5 /N/C*N /CH2CH\N PLOIN g) d signal, coupling constant with the adjacent methine proton is 6 Hz.
4“\/\0 . h) Obscured by the resonance peaks of the solvents.
3
TaBLE 4. Tue H NMR spectraL DATA OF (CH,;),Pb(saph)-CH;OH
6(N=CH) ¢ (ring proton)® (ppm) 6(Pb-CH,) 2J(*"Pb-CH,) 3J(**"Pb-N=CH)
Solvent
(ppm) 3-HY 5-H® Others (ppm) (Hz) (Hz)
CDCl, 8.23 6.69 6.50 7.4—7.1 1.93 154.7 18.8
CH,Cl, 8.29 6.63 6.49 7.4—7.2 1.89 158.4 19.8
CH,OH 8.33 6.76 6.60 7.4—7.2 1.78 165.3 20.7
(CH;0),PO 8.32 6.53 6.41 7.4—7.1 1.71 174.3 23.4
Pyridine —9 6.56 6.40 —9 1.95 177.2 —d)
DMSO 8.30 6.52 6.36 7.4—7.1 1.59 175.8 25.0
HMPA 8.38 6.44 6.23 7.4—7.0 1.60 190.4 27.0
a) H b) d signal. c¢) dd signal. d) Obscured by the resonance peaks of the solvents.
|
5|/\|/C\N/
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TABLE 5.

[Vol. 52, No. 1

TuE 'H NMR specTRAL DATA OF (CHj;),Pb(sato) -H,O

6(N=CH) d(ring proton)® (ppm) 0(CH;)®  6(Pb-CHj) 2J(*"Pb—CH,;) 2J(**’Pb-N=CH)
Solvent
(ppm) 3-HW» 5-H® Others (ppm) (ppm) (Hz) (Hz)
CDCl, 8.25 6.74 6.53 7.4—7.1 2.45 1.94 154.4 18.6
8.26
CH,Cl, 8.25 6.61 6.48 7.4—7.1 2.43 1.88 158.7 19.1
8.26
CH,0H 8.36 6.66 6.56 7.4—7.1 2.44 1.79 160.8 19.4
8.38
(CH,0),PO 8.36 6.54 6.41 7.4—7.1 2.42 1.72 174.8 24.0
8.38
Pyridine —) 6.56 6.40 —e) 2.35 1.94 177.0 —e)
DMSO 8.38 6.61 6.44 7.4—7.1 —o) 1.63 178.7 26.3
8.39
HMPA 8.38 6.50 6.29 7.4—7.0 —°) 1.62 189.1 28-4
8.42
a) H b) d signal. c¢) dd signal. d) Methyl proto;of 4-methyl-1,2-phenylenc group. e) Obscured
|
5 /\/G‘\N / by the rcsonance peaks of the solvents.
I
o %
Y
TasLE 6. THE UV specTRAL DATA OF (CH,),Pb(saln).- CH;OH IN SEVERAL SOLVENTS®
Solvent A (nm) (loge)
CeH, —b —n —b 314(3.14) 397(3.90)
CHCI, 252 (4.56) 263 (sh) (4.35) 278 (sh) (4.02) 311(3.74) 393(3.77)
CH,CI, 252 (4.44) 260 (sh) (4.23) 270 (sh) (4.03) 316(3.93) 388(3.68)
Pyridine —D —b —Db) 309(3.67) 379 (4.00)
DMSO 260 (4.24) 270 (sh) (4.15) 278 (sh) (3.97) 310(3.67) 378(3.93)
HMPA 259(4.31) 265 (sh) (4.37) 275 (sh) (3.93) 318(3.49) 379(3.83)

a) 5x10-4mol dm3,
shoulders (sh).

example, 154.7 and 152.5 Hz in (CH;),Pb(acac),®®
and (CH;),Pb(ox),*) respectively in CDClg). It is,
therefore, reasonable to assume that these complexes
have a six-coordinate configuration (A) in such non-
coordinating solvents as CDCl; and CH,Cl,.

The proton resonances of the methyl groups at-
tached to the lead atom, 6(Pb—CHj), shift to a higher
magnetic field and the 2/(27Pb-CH,) values increase
with an increase in donor strength of the solvents,14
as in the case of other dimethyllead(IV) complexes;
(CH;),PbL, (L=o0x, acac, OCOC¢H;).» Therefore,
the present complexes, (CHj),PbL-S, with ONNO
quadridentate Schiff base ligands take a seven-co-
ordinate configuration (B) in such donor solvents as
DMSO and HMPA and this is supported by the
2 J(207Ph~CH,) values (175—190 Hz) which are com-
parable to or larger than those of an isolated seven-
coordinated complex, (CHg),Pb(gbha)(H,0) (gbha=

2,2-(ethanediylidenediimino) diphenolato) (178—181
CH, CH,
Gl LN OG220
b, L
(A) (B)

D=HMPA, DMSO, pyridine, (CH,0),PO, CH,OH.

Wavelengths (1) and absorption coefficients (¢ (mol-!cm?)) refer to band maxima and
b) Obscured by absorption of the solvents.

Hz).1%)

One of remarkable features in *H NMR spectral
data shown in Tables 2—>5 is that the 3 J(3*7"Pb-N=CH)
values increase with the 2J(20’Pb-CH,) values. The
3 J(1198n-N=CH) values of (CHj),Sn(saln) have been
reported to decrease with an increase in donor strength
of the solvents, although the 2j(*9Sn-CH,) values
increase.’® Figures 1 and 2 show the linear relation-
ships between the 6(Pb~CH,) values and the 2J(207Pb-
CHj) and 3 J(27Pb-N=CH) values for the dimethyllead
complexes of saln and sapr respectively in various
solvents. (The linear relationship was also obtained
for saph and sato complexes.) In Figs. 3 and 4, the
higher magnetic field shifts of the phenol ring proton
resonances in these complexes with the methyl protons
attached to the lead atom are shown. Interestingly,
the amount of up-field shifts for 3-H and 5-H (- and
p-position to the oxygen atom respectively) are signi-
ficantly larger than those for 4-H and 6-H (m-positions).
This indicates that coordination of the solvent molecule
brings about some electron donation to the lead atom
and ligand, resulting in a decrease of the positive
charge on the lead atom and an increase of electron
density on the oxygen atom.

These results support a previous suggestion that a
change of the mean excitation energy, AE, in the
Fermi contact term plays a dominant role on the solvent
dependence of the 2J(27Pb-CHj) values.” Namely,
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Fig. 1. Plots of the ®J(*"Pb-CH;) (—O—) and

3J(2"Pb-N=CH) (--@--) vs. 6(Pb-CH,;) values for
(CH;),Pb)(saln) - CH;OH in several solvents.
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Fig. 2. Plots of the 2J(*"Pb-CH,) (—O—) wvs. two
6(Pb-CH,) values and of the 32 J(2?Pb-N=CH,)
—@0--) and 3J(**"Pb-N=CH,;) (--—@—:-) vs. the
average of two 6(Pb-CH,) values for (CH;),Pb(sapr)-
CH;OH in several solvents. See Table 3, regarding
sings of azomethine protons.

the increase of the 2J(207Pb—CHj) values together with
the 3 J(2"Pb-N=CH) values depend on a decrease of
AE, which results from a decrease in the positive charge
on the lead atom as a result of electron donation from
the solvent molecules. It is difficult to interpret the
results by the d-s mixing scheme,’® which has been
proposed to account for the increase in the 2] (295T1-
CHj) values of some dimethylthallium compounds in
donor solvents. If the d-s mixing scheme were domi-
nating, the s electron of the lead atom in the coordina-
tion plane of the ligands would transfer to the C-Pb-C
bond, resulting in an increase of the s character of the
lead atom for Pb—C bonds and a decrease in the co-
ordination plane of ligands. Therefore, decrease in
the 3J(2"Pb-N=CH) values was expected when the
2J(*"Pb-CH,;) values increased, and wvice versa. This
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Fig. 3. Plots of the d(phenol ring proton) ws. 6(Pb-
CH,) values for (CH,),Pb(saln).CH;OH in several
solvents; 5-H (—O—), 3-H (—@—), 6-H (—A—),
and 4-H (—[]—). Signs of these protons are written
in Table 2.

d(phenol ring proton) (ppm)

7.00 .50 150

6(Pb-CH,) (ppm)

Fig. 4. Plots of the d(phenol ring proton) vs. §(Pb-
CH,) values for (CH,),Pb(sapr).CH,OH in several
solvents; 5-H (—O—), 3-H (—@—), 6-H (—A—),
and 4-H (—[1—). Signs of these protons are written
in Table 3.

is not consistent with the results reported here. Simi-
larly, the results can not be explained in terms of the
change of a;,(6s) term in Eq. | which decreases with
decreasing positive charge on the lead atom.

From Tables 2—5, it may be seen that the §(N=CH)
values shift to a lower magnetic field with an increase
in donor strength of the solvents. This change may
be accounted for by two compensating factors; 1) the
down-field shift due to hydrogen bonding with oxygen
atom of the solvents, which grows stronger with an
increase of donor strength of the solvents, (the down-
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field shift of the azomethine proton for free Hysaln is
as follows: 8.32, 8.53, 8.60, 8.73, 8.73, and 9.04 in
CD(l,, CH,Cl,, CH,OH, (CH,0),PO, DMSO, and
HMPA respectively.) and 2) the up-field shift caused
by the coordination of the solvent molecules to the
lead atom. Indeed, the down-field shift of the N=CH
proton in the saln complex from in CDCI, to in HMPA;
0.30 ppm was observed and is much smaller than that
in Hysaln; 0.72 ppm. (These behaviors were ob-
served also in sapr, saph, and sato complexes.)

It shoud be noted that the two methyl groups at-
tached to the lead atom show different chemical shifts
in the case of (CH;),Pb(sapr)- CH;OH, although the
2J(29"Pb-CH,) values were the same within experi-
mental error. In the other three complexes only one
methyl signal was observed. The magnetic non-
equivalence of the methyl protons is attributed to the
rigidity of the N-C—C-N skeleton of the sapr ligand
and to no dissociation of the ligand attached to the
lead atom. The location of the methyl group of the
propylene unit outside the coordination plane, induces
magnetic non-equivalence above and below the co-
ordination plane. The sapr complex is the first exam-
ple of a dimethyllead(IV) complex that has magneti-
cally non-equivalent methyl protons, a similar observa-
tion found in the case of [(CH,),TI(cis-syn-cis-6,7,9,-
10,17,18,20, 21 -octahydrodibenzo[4.£][1,4,7,10,13,16]-
hexaoxacyclooctadecin)]*[picrato] —.1%

In conclusion, from the present work on dimethyl-
lead(IV) complexes with ONNO quadridentate Schiff
base ligands, together with a series of spectroscopic
studies for several other dimethyllead(IV) complexes
previously reported,® the AE term in the Fermi contact
term plays a dominant role in the solvent dependence
of the indirect spin-spin coupling between the lead
nucleus and proton, J(M,H).
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Metal Complexes of Amino Acids. XI.”

Preparation and *C

NMR Spectra of the Cobalt(III) Complexes Containing
p-Alanine and Glycine
Tomoharu Ama* and Takaji Yasur

Department of Chemistry, Faculty of Science, Kochi University, Akebono-cho, Kochi 780
(Received June 17, 1978)

A series of complexes or geometrical isomers, [Co(f-ala or gly)(en),]2*, [Co(B-ala or gly),(en)]*, [Co(p-
ala or gly)(ox),]?-, and [Co(B-ala or gly),(ox)]~, were prepared and their 3C NMR spectra were measured.

Assignments of their structures and 3G NMR signals were made.

The B-alaninate carbons in the complexes

resonate at 33.6+0.5, 38.34-0.6, and 183.0+1.5 ppm and the glycinate carbons at 46.3+1.3 and 187.4+
1.4 ppm. The 1BC chemical shifts of the mixed (B-alaninato)(glycinato) complexes consist of those of the
corresponding isomers of bis(f-alaninato) and bis(glycinato) complexes.

TH NMR has becn widely used to study the structures
and reactions of the cobalt(III) complexes containing
amino carboxylate as the chelate ligands. Recently,
13C NMR has been applied to the study of cobalt(I1I)
complexes, and it has been found that the 13C NMR
is useful to determine the geometrical structures of
the cobalt(III) complexes with organic ligands.2-1%
Determination of the geometrical structure of the
complex by H NMR is sometimes difficult because
of the complicated signals caused by spin-spin couplings.
In most case, since carbon atoms are closer to cobalt-
(IIT) atom than hydrogen atoms in the complexes,
3G NMR makes it possible to obtain more useful
information than 'H NMR concerning the structures
of the cobalt(III) complexes. However, 13C NMR
data of the cobalt(III) complexes are few for satis-
factory discussion of the relation between the chemical
shifts and the stereochemical structure of the complex.

In the present study, we attempted the preparation
of the complexes, [Co(B-ala or gly)(en),]2+, [Co(B-ala
or gly),(en)]+, [Co(f-ala or gly)(ox),]?~, and [Co(p-ala
or gly),(ox)]~ (Cy- and C-cis(0)-[Co(p-ala),(en)]+ and
trans(0)-, cis(O0)trans(Ng,0)-, cis(O)trans(N)-, and cis-
(O)trans(Ng,0)-[Co(f-ala)(gly)(en)]* are new com-
plexes), and measured their 13C NMR spectra. In this
paper we report on their preparation, absorption and
13C NMR spectral data, and assignments of the struc-
tures.

Experimental

Preparation of the Complexes. Isomers of Bis( B-alaninato )-
(ethylenediamine )cobalt (IIT) Chloride: An aqueous solution con-
taining 19g of B-alanine, 6 g of ethylenediamine, and 4 g
of sodium hydroxide in 100 cm?® of water was added to an
aqueous solution containing 24 g of cobalt(II) chloride
hexahydrate in 80 cm® of water. The mixed solution was
oxidized with 20 g of lead dioxide at 75 °C for about 30
min with stirring, and cooled to room temperature. After
removal of insoluble matter by filtration, the filtrate was
poured into a column (30 mm X 800 mm) containing a cation
exchange resin (Dowex 50WX8, 200—400 mesh, K+ form).
After the column had been swept with 3 dm?® of water,
the adsorbed band was eluted with 0.05 M aqueous solution
of potassium chloride. The band separated into three bands,
another violet-red band remaining at the top of the column.
The eluted solution from each band was concentrated to a
few milliliters in a vaccum evaporator at 30—35°C. To
the concentrated solution was added a large amount of

methanol, potassium chloride deposited being filtered off.
Acetone was added to the filtrate in order to deposit crude
complex. Each crude complex obtained was recrystallized
from aqueous solution by addition of methanol and acetone.
The first eluted band was confirmed to be ¢rans(O)-[Co(p-
ala),(en)]Cl from its absorption spectrum.*® Isomer from
the second eluted band: Found: C, 27.12; H, 6.44; N,
15.89%. Calcd for [Co(B-ala),(en)]Cl-1.5H,0O: C, 26.86;
H, 6.48; N, 15.66%. Isomer from the third eluted band:
Found: C, 26.22; H, 6.64; N, 15.33%. QCalcd for [Co(f-
ala),(en)]Cl-2H,O: C, 26.20; H, 6.60; N, 15.28%.

Isomer of (B-Alaninato)(glycinato) (ethylenediamine )cobalt(111)
Chloride: 10 cm? of 609, perchloric acid was gradually added
to a suspension of 5.0g of mer(N)-(carbonato)(glycinato)-
(ethylenediamine)cobalt(II1I) monohydrate in 50 cm® of water.
After vigorous evolution of gas had subsided, the solution
was adjusted to pH 9 by addition of 2 M NaOH, and then
5g of B-alanine was added to the alkaline solution. The
solution was kept at 65°C for 3h and then cooled to room
temperature. The resulting solution was poured into a
column (30 mmx800 mm) containing a cation-exchange
resin (Dowex 50WX8, 200—400 mesh, K+ form). After
the column had been swept with 3 dm?® of water, the ad-
sorbed band was eluted with 0.05M KOGl The band
separated gradually into four violet-red ones, a red-violet
band remaining at the top of the column. Each eluted
solution was concentrated to a few milliliters in a vacuum
evaporator at 35—40 °C. A large amount of methanol was
added to the concentrated solution, potassium chloride
deposited being filtered off. Acetone was added to the
filtrate and then crude complex deposited was collected.
Each crude complex was recrystallized from aqueous solution
by addition of methanol and acetone. Isomer from the first
eluted band: Found: C, 24.97; H, 5.98; N, 16.56%.
Caled for [Co(p-ala)(gly)(en)]Cl-H,O: G, 25.12; H, 6.02;
N, 16.74%. Isomer from the second eluted band: Found:
C, 25.11; H, 6.00; N, 16.61%. Calcd for [Co(f-ala)(gly)-
(en)]C1-H,O: C, 25.12; H, 6.02; N, 16.74%. Isomer
from the third eluted band: Found: C, 27.07; H, 6.07;
N, 16.87%. Caled for [Co(f-ala)(gly)(en)]Cl-0.5MeOH:
C, 27.08: H, 6.06; N, 16.84%, (methanol containing in this
ratio was checked by 'H NMR). Isomer from the fourth
eluted band: Found: C, 26.22; H, 5.55; N, 17.67%.
Calcd for [Co(f-ala)(gly)(en)]Cl: C, 26.55; H, 5.73; N,
17.70%.

C,-cis(O)- (Glycinato-2,2-d, ) ( glycinato ) (ethylenediamine )cobalt-
(III) Chloride: C,-cis(O) - bis (glycinato) (ethylenediamine)-
cobalt(IIT) chloride (150 mg) was dissolved in 9cm?® of
deuterium oxide, and then deuterium oxide solution of
sodium carbonate (1 M, 1 cm3) was added to the solution.
The solution was allowed to stand at 40 °C until the H
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NMR signal at 3.44 ppm, assigned to the methylene proton
of I-position glycine (see Results and Discussion), dis-
appeared (about 3 h).1» To the solution was added 0.5
cm?® of 2M deuteriochloric acid, and a large amount of
acctone. The red crystals deposited were collected and re-
crystallized from deuterium oxide solution by addition of
acetone.

C,-cis(O)-, Cy-cis(O)-, and trans(O)-Bis(glycinato-2,2-d,)-
(ethylenediaamine )cobali (III)  Chloride and (Glycinato-2,2-d,)-
bis (ethylenediamine Jcobalt (II1) Dichloride: The complexes were
prepared in a similar way to that described above. Chloride
of each complex (150 mg) was dissolved in 10 cm?® of 0.1
M sodium cabonate-deuterium oxide solution. The solu-
tion was allowed to stand at 50 °C for ca. 3h. To this
was added 0.5cm® of 2M deuteriochloric acid, followed
by a large amount of acetone, and the deuterated complex
deposited was collected. 'H NMR spectra of the deuterated
glycinato complexes are shown in Fig. 1 with those of the
non-deuterated complexes.

(e)

[Co(gly) (en).]**

() Creis(0)- (f)
[Co(gly)2(en) 1™

@ trans (0) - (k)
[Co (gly).en]*
JJ L
3. 2.5 ppm 3.0 2.5ppm

Fig. 1. 'H NMR spectra of the glycinato complexes.
(a), (b), (c), and (d): Non-deuterated complexes,
(e), (f), (g8), and (h): deuterated complexes.

The other complexes examined were prepared by the
methods reported.!.18-20)

Measurements. The electronic absorption spectra of
the complexes were measured with a Hitachi EPS-3T
spectrophotometer in aqueous solution. The ¥C NMR
spectra were measured on a JEOL Model MFT-100 spec-
trometer in pulse Fourier transform/proton noise decoupled
mode at 25.15 MHz in deuterium oxide solution. The 13C
chemical shifts were measured relative to benzene (in
capillary) and converted into chemical shifts from TMS
by means of the relation drys=0henzene— 128.5 ppm. The
errors were about +0.15 ppm. The 'H NMR spectra were
recorded on a JEOL Model MH-100 spectrometer with
DSS as an internal standard.
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Results and Discussion

Both [Co(gly)y(en)]* and [Co(B-ala)s(en)]t ions
provide three geometrical isomers, irans(0), Ci~is(O),
and C,-cis(0). On the other hand, the mixed complex
ion, [Co(B-ala)(gly)(en)]*, exists in four geometrical
isomers of trans(0), cis(O)trans(Np,0), (N represents
the coordinated nitrogen atom in f-alanine), cis(O)-
trans(Ng,0) (Ng represents the coordinated nitrogen
atom in glycine), and cis(O)trans(Np,Ng) (Fig. 2).
Absorption spectral data are given in Table 1.

gly/l gly/‘l ﬁ-ala/I gly/l__
/Co/)/Co/)/Co///Co/)
ﬁ-ala\l ﬁ-ala\l gly\l p—ala\‘
trans(0) cis(0)trans(NgO) c¢is(O)trans(NgO) cis(O)irans(N)

Fig. 2. The geometerical structures of possible four
isomers in the [Co(f-ala)(gly)en)]* complex ion.

Absorption Spectra. The visible absorption band
at lower energy side (so-called first absorption band)
of trans(0) isomers of [Co(O)y(N),] type complexes
shows a marked split as compared with that of the
corresponding c¢is(0O) isomers. The marked split of
the first absorption band was observed for the complex
obtained from the first eluted band in chromatographi-
cal separation of the [Co(g-ala),(en)]*, the absorption
spectrum of the complex quite agreeing with that of
the trans(0)-[Co(f-ala)y(en)]+ in the Ref. 16. Thus, we
concluded that the isomer from the first eluted band
takes the trans(O) configuration. On the other hand,
the second and third eluted isomers are expected to
take the c¢is(O) configuration since no marked split
in the first absorption band was observed.

Matsuoka et al.?V) found that D;/Dy value in C,-
¢cis(0) isomer of bis(amino acidato)(ethylenediamine)-
cobalt(III) is smaller than that in Cy-cis(O) one, where
D; and Dy are the optical densities at the absorption
maxima of the first and second absorption bands,
respectively. As shown in Table 1, D;/D;; value of
the second eluted isomer of bis(f-alaninato) (ethylene-
diamine) complex is smaller than that of the third
eluted isomer. Thus, we assigned the geometrical
structures of the second and third eluted isomers to
Cy-cis(0) and Cy-cis(O), respectively. These assign-
ments are in line with those from the 3C NMR data.

The structure of the first eluted isomer in chroma-
tographical separation of [Co(f-ala)(gly)(en)]* can be
assigned to trans(0), since a marked split was observed
in the first absorption band, which is characteristic of
the complex of irans(0)-[Co(O)s(N),] type. The
structure of the third eluted isomer of [Co(f-ala)(gly)-
(en)]* might be assigned to cis(O)irans(N) (C, sym-
metry if the chelate rings of f-ala and gly are neglected),
since the D;/D;; value of the third eluted isomer is
smaller than that of the second and fourth eluted
isomers (Table 1).

1BC NMR Spectra. The 13C chemical shifts of
carboxy carbons (C,), a-carbons (Ca«), and f-carbons
(Cs) of the glycinato and f-alaninato complexes are
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TABLE 1. ABSORPTION SPECTRAL DATA OF BIS(AMINO ACIDATO)COBALT(III) COMPLEXES
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Elution

order Complex ion

I Band
10 cm~! (log ¢)

II Band
10 cm—! (loge)

Intensity ratio
of I band to
II band (Dy/Dyy)

GG-1 10 (rans(0)-[Co(gly),(en)}+

GG-2 6 Cj-cis(0)-[Co(gly),(en)]*+
GG-3 3  C,-cis(0)-[Co(gly)z(en)]*
AG-1 11 trans(0)-[Co(B-ala)(gly) (en)]+

AG-2 8 c¢is(O)trans(Ng,0)-[Co(f-ala) (gly) (en) ]+
AG-3 4 cis(O)trans(N)-[Co(f-ala)(gly) (en) ]t
AG-4 7  cis(O)trans(Ng,0)-[Co(p-ala) (gly) (en) ]+

AA-1 12  trans(0)-[Co(f-ala),(en)]*+

o

AA-2 C,-cis(0)-[Co(f-ala),(en)]*
AA-3 9 Cy-cis(0)-[Co(f-ala),(en)]t

18.87(1.94)
ca. 22 (ca. 1.64)
19.97(2.09)
19.93(2.04)
18.61(1.97)
ca. 22 (ca. 1.68)
19.85(2.16)
19.88 (2.06)
19.43(2.18)
18.40(2.00)
21.93(1.61)
19.96 (2.10)
19.47(2.20)

27.

27

27.
27.
27.
27.

27.
27.

77(2.12)

.70(2.13)
28.
27.

00(2.11)
78 (2.06)

71 (2.06)
78 (1.99)
68 (2.03)
60 (1.94)

47(1.83)
31(1.90)

0.91
0.85

1.88
2.02

TaBLE 2. 13C CHEMICAL SHIFTS OF THE COORDINATED GLYCINATE AND [B-ALANINATE

Position of Carboxy carbon Methylene carbon
Complex ion the chelate ———
ring Glycinate ~ B-Alaninate  Glycinate p-Alaninate
1 [Co(gly)(en),]*+ — 186.7% — 45.8 — —
2 [Co(B-ala)(en),]*+ — — 182.0 _ 33.3 38.5
3 Cyecis(0)-[Co(gly)s(en)]* o 187.4v — 46.5v — -
4 cis(O)trans(N)-[Co(B-ala)(gly) (en) ]+ (] 187.4 184.2 46.0 33.3 38.4
5 Cyecis(0)-[Co(B-ala)y(en) ]+ o — 184.1 — 33.1 38.0
; I 86.0%.9) — 46.0V.9) — _
6 Cyis(0)-[Colgly)(en)]* {5 18995 S 8
. I — 182.0 — 33.3 37.8
7 cis(O)trans(Np,0)-[Co(B-ala) (gly) (en) ]+ {0 1872 -0 465
. I 186. — 45.9 — —
8 cis(0)trans(Ng,0)-[Co(B-ala) (gly) (en) ]+ {O 6.0 183.7 - 33.6 38.4
, I — 81.8 — 33.5 37.7
9 Cyreis(0)-[Co(-ala)y(en)]* {o — 1840 — 33.3 38.2
10  trans(0)-[Co(gly)s(en)]* — 187.6 — 45.0 — —
11 trans(0)-[Co(B-ala) (gly) (en) ]+ — 187.2 181.9 45.0 33.5 38.2
12 trans(0)-[Co(B-ala)y(en) ]+ — — 181.5 — 33.1 38.0
13 trans(N)-[Co(gly),(0ox)]~ — 188.6 — 46.1 —
14 trans(N)-[Co(B-ala) (gly) (0x)]- — 188.7 184.4 45.9 33.7 38.1
15 trans(N)-[Co(f-ala)y(0x)]- — — 184.4 — 33.9 38.3
. I* 186.8 — 47.6 —
16 Cy-cis(N)-[Co(gly)s(ox)]- {ow 189 S
. . I* — 184.3 — 34.1 38.8
17 cis(N)trans(Op N)-[Co(f-ala) (gly) (ox) T~ {O* 187.2 o 46.1 c
. . I* 186.7 — 47.5 — —
18 cis(N)trans(Og, N)-[Co(B-ala) (gly) (0x)]~ {o* -7 1851 -2 337 379
: 1% — 184.2 — 7 38.6
19 Cy-cis(N)-[Co(B-ala)y(ox)]- 1o — o — 337 280
20 C,-cis(N)-[Co(gly)s(0x)]- O* 187.0 — 46.2 — —
21 C,-cis(N)-[Co(B-ala),(0x)]~ O* — 183.3 — 33.6 38.0
22 [Co(gly)(0x),]*- — 187.2 — 46.5 — —
23 [Co(p-ala) (0x),]* — — 183.7 — 33.4 37.7

a) Weakened in the [Co(ND,CD,COO)(en),]** complex ion.

complex ion. ¢) Weakened in the C,-¢is(0)-[Co(ND,CD,COO)(ND,CH,COQO)(en)]* complex ion.

summarized in Table 2. The chemical shifts of C,,
Ca, and Cj in the complexes (in which the glycinate
and S-alaninate coordinate to cobalt(1II) in the chelat-
ed form) are represented by §.,(C,), d.,(Cs), and
6., (Cs), respectively. Symbols 6(C,), 6(C.), and

6(Cg) represent the chemical shifts of C,, Ca, and Cp,
respectively, of free glycine and fS-alanine in acidic

solutions.

The carboxy carbon resonances of the chelated

b) Weakened in the [Co(ND,CD,COO);,(en)]*

glycines (6,,(C,)) were observed in the range 186.0—
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188.7 ppm. On the other hand, the §(C,) of free
glycine was 171.1 ppm. Thus, the 4,,(C,) values
(0en(C,) minus 6(C,)) of these glycinato complexes
are found in the range 14.9—17.6 ppm. The §(Ca)
of free glycine was 40.4 ppm and the §,,(Cq) of glyci-
nato complexes were observed in the range 45.0—
47.6 ppm. Consequently, the A4,,(Ca) values of the
glycinato complexes are found in the range 4.6—7.2
ppm. The 4,,(C,) and 4,,(Ca) values of glycinato
complexes are comparable to those of the other a-amino
acids.?

The 6(C,), 6(Ca), and §(Cg) values of free f-alanine
are 175.9, 31.2, and 35.6 ppm, respectively. The
0.0(Cy), 6,1(Ca), and 8,,(Cp) values of the chelated
p-alanine were observed in the ranges 181.5—184.4
ppm, 33.1—33.9 ppm, and 37.7—38.8 ppm, respective-
ly. The A4,(C,) values of p-alaninato complexes
are ca. 7 ppm, smaller than those of a-amino acidato
complexes. Similarly, the 4 ,(Ca) values (1.9—2.7
ppm) of f-alaninato complexes are smaller than those
of the a-amino acidato complexes. In this manner,
the chemical shift changes caused by chelation can
be used to differentiate f- and «-amino acids.?)

In [Co(p-ala),(ox)]~ complex ion, one and two
resonance lines of the carboxy carbons were observed
for the isomers 21 and 19 (Table 2), respectively, since
the chemical environments of the carboxy carbons of
the two f-alaninate are equivalent in the former isomer
but not in the latter one. A similar relationship
can be applied to the structural assignments of the
two isomers of 5 and 9 in the [Co (8- ala) (en)]* complex
ion. The second and third eluted isomers in chro-
matographical separation of [Co(S- ala)z(en)]+ show
respectively one and two resonance lines arising from
the carboxy carbons of p-alaninates. Thus, the
structures can be assigned to Cy-cis(O) for the former
(5) and Ci-cis(O) for the latter (9), respectively.

Yoneda et al.?2) pointed out the importance of the
effect of magnetic anisotropy induced on the central
cobalt(III) chromophore. Application of this magnetic
anisotropy to the 6 and 3 complexes leads to the fol-
lowing prediction. Two chelated glycinates in the
6 complex do not occupy equivalent positions; one is
present in the plane formed by the coordinated oxygen
atoms of glycinates and cobalt(III) (I-position), and
the other is out of plane (O-position). On the other
hand, the chelated glycinates in 3 at the O-position
and their steric relation to the cobalt(III) chromophore
([Co(O)4(N),]) are identical with the O-position
glycinate of 6. The O-position glycinate in 6 is expect-
ed to show nearly equal chemical shifts of the carboxy
carbon to those in 3. A similar relation is expected
between 9 and 5. In 16, one glycinate is in the plane
formed by the nitrogen atoms of the glycinates and
cobalt(III) (I*-position), and another glycinate out
of the N-Co(III)-N plane (O*-position). Two glyci-
nates in 20 present at the O*-positions and their relation
to the cobalt(III) chromophore (cis(N)-[Co(O)4(N),])
are identical with the O#*-position glycinate of 16.
In this manner, the following assignments are possible.
In 6, the carbon resonances at 46.0 and 187.2 ppm
are for the O-position glycinate, at 46.0 and 186.0 ppm
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for the I-position glycinate. In 9, those at 33.5, 37.7,
and 181.8 ppm are for the I-position g-alaninate. In
16, those at 46.1 and 182.2 ppm are for the O*-position
glycinate, at 47.8 and 186.8 ppm for the I*-position
glycinate. In 19, those at 33.7, 38.0, and 183.1 are
for the O*-position p-alaninate, at 33.7, 38.6, and
184.2 ppm for the I*-position B-alaninate.

The chemical shifts of the glycinate carbons in 11
are in fair agreement with those of the glycinate carbons
in 10. The chemical shifts of the g-alaninate carbons
in 11 agree with those of the f-alaninate carbons in
12. Similar agreements in chemical shifts were observed
among the same geometrical isomers of bis(f-alani-
nato), bis(glycinato), and (B-alaninato)(glycinato)
complexes. In the case of the 17 or 18 complex ion,
the following consideration, in line with the above
observations, is possible. When the I*-position (O*-
position) glycinate of 16 is exchanged by B-alaninate,
forming 17 (18), the carbon resonances of the I*-
position (O*-position) glycinate will disappear and
those of the I*-position (O*-position) f-alaninate will
appear. As we expected, the glycinate carbons in
17 resonates at 187.2 and 46.1 ppm and these chemical
shifts consist of those of the O*-position glycinate in

6 (187.2 and 46.1 ppm). The chemical shifts of f-
alaninate carbons in 17 are nearly equal to those of
the I*-position f-alaninate in 19. A similar relation
can be expected for the ¢is(0) of the second eluted
isomer (8) in chromatographical separation of [Co(g-
ala)(gly)(en)]*; the resonance peaks at 186.0 and
45.9 ppm for glycinate carbons and at 33.6, 38.4, and
183.7 ppm for the f-alaninate carbons consist of those
of the O-position g-alaninate in 9 and I-position gly-
cinate in 6, respectively. The structure of the second
eluted isomer can be assigned to cis(O)trans(Ng,0).
As the chemical shifts of the fourth eluted isomer (7),
resonating at 46.5 and 187.2 ppm (glycinate), and at
33.3, 37.8, and 182.0 ppm (f-alaninate), consist of
those of O-position glycinate and I-position f-alaninate.
The structure of this isomer can be assigned to cis(O)-
trans(Ng,0).

In the present work, the 3C chemical shifts were
measured in 'H noise decoupled mode. Since the
signal of the carbon bonding to hydrogen is enhanced
due to the nuclear Overhauser effect from 'H atom
and no splitting resonance is observed in noise decoupled
mode, the resonance peak of the methylene carbon
(a-carbon) of the glycinate is expected to be fairly
intense. On the other hand, the resonance of the
deuterated methylene carbon of the glycine will be
very weak, since the signal of the carbon bonding to
deuterium is split due to the carbon-deuterium coupl-
ing, no enhancement due to the NOE from 'H atom
being expected.®) In the chelated glycine, the reso-
nance of the carboxy carbon (which neighbors methylene
carbon) is enhanced by the NOE from the methylene
protons, but the deuteration of the methylene group
results in weakening of the carboxy carbon resonance.
Consequently, it is possible to confirm which glycinate
possesses the deuterated methylene group by comparing
the 13C NMR spectra of the deuterated complex with
that of the non-deuterated complex.
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The methylene protons in the chelated glycine are
easily deuterated in basic deuterium oxide solution.??
We succeeded in preparing five glycinato-2,2-d, com-
plexes, ([Co(ND,CD,COO)(en),]2+, Cs-cis(0)-[Co-
(ND,CD,COO)(ND,CH,COO)(en)]*, and C,-cis(0)-,
Cycis(0)-, and trans(0)-[Co(ND,CD,COO),(en)]+,
by leaving each corresponding glycinato complex in
basic deuterium oxide solution to stand for an ap-
propriate time.

It is difficult to distinguish the methylene carbon of
glycinate from that of the ethylenediamine, since the
chemical shifts of the methylene carbons in chelated
ethylenediamine are close to those of the methylene
carbon of the chelated glycinate. The 1*C NMR
measurements of these deuterated glycinato complexes
make it possible to distinguish the signals of the carbons
in the deuterated glycinate ring from those of the
carbons in chelated ethylenediamine.

Yoneda et al.?®) showed for the 6 complex that the
H NMR signal resonating at 3.44 ppm arises from
the methylene protons of the I-position glycinate. It
was found that the I-position methylene protons are
deuterated more rapidly than the O-position methylene
protons (Fig. 1 (b)).1” Since the methylene carbon
resonance at 46.0 ppm and the carboxy carbon reso-
nance at 186.0 ppm in 6 are weakened in the C,-cis(0)-
[Co(ND,CD,COO)(ND,CH,COO)(en)]*, it is con-
cluded that these methylene and carboxy carbons belong
to the I-position glycinate, and methylene carbon at
46.0 ppm and carboxy carbon at 187.2 ppm in 6 to
the O-position glycinate. The assignments of the 13C
NMR spectra based on the deuteration method are
consistent with the assignments concluded from the
comparison of the bis(glycinato) complexes with (f-
alaninato) (glycinato) complexes.

The 3C chemical shifts of the coordinated glycinate
in bis(glycinato) complexes remained unchanged by
the replacement of one of the two glycinates with g-
alaninate. The 3C chemical shifts of the f-alaninate
in bis(f-alaninato) complexes also remained unchanged
by the replacement of one of the p-alaninates with
glycinate. These observations suggest that the main
factor which determines the chemical shifts of the
coordinated glycinate or f-alaninate is the steric position
of the ligands to the central cobalt(I1I) chromophore.
This recalls the theory of the magnetic anisotropy
arising from the cobalt(III) chromophore.?? How-
ever, the Co(III) magnetic anisotropy does not ac-
count for all the behavior of the chemical shifts of
the ligands. It is expected from the Co(III) magnetic
anisotropy in complex 6 that the 13C chemical shift
of the O-position methylene carbon of glycinate is
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located at lower magnetic field than that of the I-
position methylene carbon, but really both carbon
resonances were observed at 46.0 ppm as an overlap-
ping signal. The carboxy carbon resonances of 10
should be located at much higher magnetic field than
the observed ones, according to the cobalt(II1I) magnetic
anisotropy.
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Luminescence spectra of M;[Co(CN)g]

(M=K, Rb, Cs), cis-K;Na,[Co(CN)4(SO;),], and trans-Na;[Co-

(CN)4(SO,)s] were measured at 20 K. Single crystal luminescence spectra of the hexacyanocobaltates(1I1),
centcred at 14100—14200 cm~1, exhibited vibrational structure associated with three components, and the

separation between the members of the progression was about 400 cm—2.

Luminescence spectra of powdered

cis-K3Na,[Co(CN),(SO,),] and ¢rans-Na;[Co(CN)4(SO;),] were structureless and broad centered at 13200 and

14400 cm™1, respectively.

Comparison of these luminescence spectra with the corresponding spin-forbidden

bands indicated that the 0-0 transition lies at 18300—18600 cm—* for hexacyanocobaltates(IIT), at 16500—

17000 cm~! for ¢is-K;Na,[Co(CN)4(SOj),], and at 17700—18200 cm1 for trans-Nas[Co(CN),(SOy).].

The

vibrational structure in luminescence spectra of hexacyanocobaltates(III) can be interpreted in terms of the
Vg, g, Ppa, and »y, ungerade skeletal modes, a lattice mode, and the totally symmetric », vibrational mode.
Analysis of the relative intensity of the vibrational structure in the luminescence spectra gave information
about the change in the Co-C internuclear equilibrium distance from the ground state to the excited

luminescent state.
plexes was also considered.

In recent years, there has been a rapidly expanding
interest in the luminescence of transition-metal coordi-
nation compounds.)) A luminescence spectrum pro-
vides a great deal of useful information not only about
an excited state but also about a ground state. There
have been many studies on luminescence spectra of
chromium(III) complexes from the viewpoints of both
their spectroscopic and photochemical aspects.1>?» On
the other hand, although there have also been extensive
spectroscopic and photochemical studies of cobalt(1II)
complexes, there has been few papers on their lumines-
cence.

Luminescence of cobalt(IIT) complex was first report-
ed on K [Co(CN)4] by Porter and Mingardi® in 1966.
They observed a broad and structureless band centered
at 14400 cm=!, and assigned it as *T;,—'A,, phos-
phorescence on the basis of the band position and
the lifetime. Later, the luminescence spectrum of
[Co(CN)g]3- was studied by some workers,*-®) but
most of them have also only reported it to be structure-
less and broad. The author has reported vibrational
structure of the luminescence spectrum of powdered
K;3[Co(CN),] at 20 K, which exhibited a progression
with about 400 cm~! spacing interpreted in terms of
the Co-C stretching frequency for the first time.?
Recently, Hipps and Crosby® have also reported vi-
brational structure whose spacing between the members
of the progression was 420 cm~! in the luminescence
spectrum of K,;[Co(CN),] at 4.2 K.

Another example of luminescence of cobalt(1II)
complex was trans-Na,[Co(CN),(SO,),] reported by
Zuloaga and Kasha.l® They reported a broad and
structureless spectrum centered at 14300 cm=! at 77 K
and assigned it as the 3T;,—'A ¢(O,) phosphorescence.
As mentioned above, investigations of luminescence
of cobalt(IIT) complexes have been very limited.

This paper deals with the luminescence of cobalt(III)
complexes, the luminescence of one among them, cis-
K;Na,[Co(CN),(SOj3),], having been observed for the
first time. For single crystals of K ;[Co(CN)g], Rbs-
[Co(CN)g], and Css[Co(CN)g], the luminescence

The relationship between luminescence and photochemical behavior of cobalt(III) com-

spectra were measured with particular care for the
fine structure to make clear what kind of vibration
was responsible for the intensity. Also, the position
of the 0-0 transition of the *T, «<?A,,(O,) of hexa-
cyanocobaltates(III) and of cis- and trans-tetracyano-
disulfitocobaltates(I11) are presented.

Finally, the possible relationship between photo-
chemical behavior and luminescence is discussed.

Experimental
Preparation of Materials. K;[Co(CN)¢],'»  Rby[Co-
(CN)gl,™®  Csy[Co(CN)g],'»  cis-K;Nay[Co(CN)4(SOy).],'>

trans-Nag[Co(CN)4(SOs),],0  fac-[Co(CN)y(NHg)s],'»  cis-
[Co(CN),(en),]CIO,  [Co(CN)(NH,);]Cl,,* and [Co-
(NH,)¢]Cl;*®» were prepared according to the published
methods. These compounds, except for fac-[Co(CN),-
(NHj);], were recrystallized several times. Single crystals
of K,;[Co(CN)g], Rbs[Co(CN)e], and Css[Co(CN)e] were
obtained by slow evaporation of aqueous solutions.
Measurement of Luminescence Spectra. Excitation light
from a Ushio UM-102 mercury lamp (120 W) was isolated
by a Spex Micromate grating monochromator (10cm, f
2.5, blazed at 300 nm, 12001/mm), then passed through a
Toshiba UV-D25 filter, and projected on the sample at an
incident angle of 45°. Luminescent light at right angles
to the excitation light was passed through a yellow cut-off
filter to reduce scattered excitation light, and was dispersed
by a JASCO CT-100 grating monochromator (100cm, f
8.6, blazed at 750 nm, 12001/mm). The light from the
monochromator was detected by a cooled Hamamatsu R-
649S (S-20) photomultiplier, a Hamamatsu C-716 pream-
plifier, and a Hamamatsu C-767 photon counter, and
recorded by a Yokogawa 3051 recorder equipped with a
Yokogawa 3053-12 DC unit. Sometimes a set of a
Hamamatsu R-666 photomultiplier, with GaAs photocathode,
and a JASCO L-125 lock-in amplifier was used for the
detection system. The sample was cooled with an Air
Products and Chemicals Cryo-Tip AC-2 for measurements
at liquid hydrogen temperature and with the optical
cryostat designed in our laboratory for those at liquid
nitrogen temperature. The sample temperature was meas-
ured using a chromel/constantan and a chromel/Au-0.07%Fe
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thermocouple.

Spectral slit width was about 8cm=! for hexacyano-
cobaltates(IIT) and trans-Nag[Co(CN),(SO;),], and about
16 cm=! for other compounds.

The luminescence spectra thus obtained were corrected
by the standard lamp method.

Measurements of Visible and Ultraviolet Absorption, Diffuse
Reflectance, Infrared, and Raman Spectra. The absorption
spectra of aqueous solutions were measured with a Hitachi
EPS-3T spectrophotometer. The spin-forbidden band of
a single crystal of K,[Co(CN);] was measured with a
JASCO CT-50 grating monochromator (50 cm, f 5.6, blazed
at 300 nm, 1200 l/mm) equipped with a Hamamatsu R-
649S photomultiplier connected with the photon counting
system at liquid helium temperature. The sample was
cooled with the optical cryostat.

The diffese reflectance spectra were measured with a
Hitachi EPS-3T spectrophotometer, using a diffuse reflect-
ance accessory, at room temperature.

The infrared spectra in the 200—700 cm™! region were
obtained with a JASCO IR-F far-infrared spectrophotometer
using the Nujol mull method.

Raman spectra were measured on powdered samples
with a He-Ne laser Raman spectrophotometer.1?

Results and Discussion

Luminescence Spectra of Kz[Co(CN)g]. The 20
and 77 K, 313 nm excited luminescence spectra meas-
ured on a single crystal are shown in Fig. 1. The
peak position of 14200 cm~! was almost the same as
that of other authors,® and the half band width
of the total band was about 2600 cm~'. The lumines-
cence band increased gradually in intensity with a
lowering in the temperature from room temperature
to about 30 K, and decreased slightly with lowering
in the temperature from about 30 to 20 K. This can
be explained as having been caused by the competition
between non-radiative relaxation and sharpening of
the each component bands; that is, from room temper-
ature to about 30 K, the dominant effect is depression
of the non-radiative process, which increases lumines-
cence intensity, and from about 30 to 20 K, sharpening
of each component band is dominant, which decreases
luminescence intensity. Even at room temperature,
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Fig. 1. Luminescence spectra of K,[Co(CN)].
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Fig. 2. Energy differences between c, peaks, Af.=
Fens—Fep in Ky[Co(CN)g] at 20K.

a structureless and very weak spectrum was observed.
At 77 K, the spectrum exhibited vibrational structure
with about 400 cm™! spacing between the members
of the progression. When the temperature was lowered
from 77 to 20K, the A, progression at 77 K was
resolved into two components, a, and b, progressions;
moreover, a weak c, progression appeared between
the A, progression. The average spacing of 394 cm™!
between the members of each progression was slightly
decreased with increase in n, and the fundamental
vibrational frequency was extrapolated to about 405
cm~! as shown in Fig. 2.

Luminescence Spectra of Rby[Co(CN)¢] and Csg[Co(CN)¢].
The 313 nm excited luminescence spectra of the rubi-
dium and caesium salts were measured on single crys-
tals at 20, 77 K, and room temperature. The spectral
pattern was practically the same as that of the potassium
salt. At 20K, the maximum positions of the total
bands were at 14100 and 14200 cm~? for the rubidium
and caesium salts, respectively. The vibrational
structure, consisting of three components, was observed,
but it was not so clear as in the potassium salt. The
energy separation between the members of the progres-
sion was about 400 cm~! as in the potassium salt.
Even at 77 K, the spectra showed vibrational structure.

Position of the 0-0 Transition. Since the threc
salts of hexacyanocobaltates(III) showed the same
vibrational pattern, the potassium salt, whose spectrum
was the best resolved of the three, will be discussed.

The °T,,<'A,, spin-forbidden band of Kj[Co-
(CN)¢] has been reported at different peak energy by
some authors. Kida e al20 found a shoulder at
24000 cm~!, while Porter and Mingardi,® and Jain
et al.?V) observed weak bands at 18500 and 20833 cm™!,
respectively; and these three bands have been assigned
as the ®T;,—'A,, spin-forbidden transition. Recently,
this spin-forbidden band was carefully reexamined
by Kataoka® by microspectrophotometry at 77 K.
A small shoulder, which was not observed at room
temperature, appeared clearly at 26000 cm~! when the
temperature lowered to 77 K, and was assigned as
the 3T, <!A,, spin-forbidden band.

The first component of the luminescence band,
which lies at highest energy, was observed at ca. 18200
cm! in the 20 K sepctrum obtained. This indicates
that the 0-0 transition lies at some 100 cm™! higher
than 18200 cm—1. Comparison of the absorption peak
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values with a position of the 0-0 transition obtained
from the luminescence spectrum clearly shows that
the positions of 18500 and 20833 cm~! in absorption
are too low in energy; while the peak positions observed
at 24000 and 26000 cm~! are consistent with the 0-0
transition obtained from this luminescence measure-
ment. On the other hand, the calculated value for
3T, ,< A, spin-forbidden band is ca. 27000 cm—2.22)
Consequently, it is more probable to assign the 26000
and/or 24000 cm~1 band than the 18500 and 20833 cm—1
bands as the 3T, <A, spin-forbidden band.

It is expected that the 0-0 transition would not
obtain any appreciable intensity either in luminescence
or in absorption. Thus, in order to obtain a more
exact position of the 0-0 transition, vibrational struc-
ture measurement in the spin-forbidden absorption
band is required. That is, comparison of the vibra-
tional structures in both the luminescence and absorp-
tion spectra can be expected to give the 0-0 band
position between their first components.

To determine the position of the 0-0 transition, the
4.2 K single crystal absorption was measured, but no
vibrational structure was observed in the 17000—
23000 cm™? region. Consequently, the position of the
0-0 transition was not exactly determined, but would
lie between 18300 and 18600 cm-1.

Assignment of Vibrational Structure. To assign the
vibrational structure associated with the luminescence
spectrum, the normal modes of vibration of [Co(CN)]3~
must be considered. Raman and infrared spectra of
this complex have been studied by many workers,23-29)
but there has been some uncertainty in position and
assignment, especially for low energy region skeletal
vibration. The assignments of some workers are listed
in Table 1.

There are five vibronic active skeletal modes, v,(t,),
Vg(tin)s 7o(tia)> P12(teq), and #y4(ty,); thus the fine
structure of the spectrum would consist of (v, g,
Yoy V12, Viz) Fnva(ay,) (n=0, 1, 2, ...) peaks3” In
these vibrational modes, it can be considered that the
contribution of the deformation modes, vg, vy, 715, and
»13, to the intensity would be large.31-33) It is possible
that the lattice motion would couple with the electronic
level; but its contribution to the intensity, which is
proportional to the degree of destruction of the center
of symmetry, would be much weaker than that of the
ungerade skeletal vibration.

The luminescence spectra seem to consist of three
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kinds of progressions, and members of each progres-
sion have about 400 cm~! spacing. These progres-
sions may be vibronic bands originated from one or
more electronic levels. The ground state, 'A,,, is not
split by any perturbation, but the excited luminescent
state, 3T, splits into E, Ty, T}, and A, by spin-orbit
interaction. For K [Co(CN),], the separation between
the E and other upper levels, T, T,, and A,;, have
been reported as 30, 318, and about 500 cm~!, and
the lifetimes of the E, Ty, and T, as 463, 2615, and
28.3 us, respectively, determined from the temperature
dependence analysis of the lifetime.? On the basis
of these separations and lifetimes, the contribution to
the luminescence intensity of each level, I, is given

by39)

Liock;-gi-exp(—AE[kT) = 1/v;-g-exp(—AE[KT), M

where £, is the rate constant of the luminescence process,
7, is the lifetime, and g, is the multiplicity. Thus the
calculated intensity ratios of Ir,/I; and Ir,/I; are 2.1 X
10-2 and 2.9x10-® at 20K and 1.5x10-! and 6.6
10~2at 77 K. This indicates that, at 20 K, the lumines-
cence from the T, and other upper levels would con-
tribute less to the spectrum. Thus it is possible to
neglect the T,, T,, and A, levels as luminescent ones.

Comparison of the energy separations betweeen ad-
jacent components of the luminescence spectrum with
those of the ungerade skeletal vibrations indicates
that the most reasonable assignments are as follows.
The most intense component, a, progression, can be
assigned as the transition to (vytnvy) or (v;3+nv,)
level, or it may consist of two peaks corresponding
to those, since the »y and »,; modes have nearly the same
energy. Similarly, b, progression is assigned as the
transition to (vg+mv,) or (v,—+mnw,) level, or again it
may consist of two peaks corresponding to those;
while the weak component, c, progression, cannot be
assigned as any of the skeletal vibrational modes.
The energy difference between the a, and c, progres-
sion is about 175 cm~1; and the lattice modes appeared
strongly at 172 and 189 cm~1,2%) hence the ¢, progres-
sion can be assigned as the transition to the (a,+lattice
mode) level.

Calculation of the Relative Intensity of the Luminescence
Band. The intensity ratio of the individual
component bands from the 0-th vibrational state in
the electronic state A to the n-th vibrational state in
the electronic state B is given by33)

TaBLE 1. RAMAN AND INFRARED SPECTRA OF [Co(CN)¢]*~ (5/cm™1)

vz (arg) vy(eg) vy (t1u) vg(t1u) vy(t1a) V13(te) v13(tou) Ref,

»Co-C rCo-C vCo-C 8Co-C-N 6C-Co-C dCo-C-N 6C-Co-C .

K,[Co(CN)g] 404 3942) 565 414 129 380 104 26)

408 330 564 416 90 440 692) 23)

(358)

562 414 128 108 27)

92 72 28)
408 562 415 This work
Rb,;[Co(CN),] 406 561 414 443 This work
Cs,[Co(CN)g] 413 560 415 437 This work

a) Calculated value.
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IBuAy) L [1 2]n 1 )
IByAy) L | 2*A| o @)
where a=4a?mvc/h and Ar is the difference in the
equilibrium nuclear distance between the A and B

states.

1
Setting Toc(Ar)2 =K,

T, 1
n = n__ 3
A K. )

The relative intensity of individual members of the
ap progression in the luminescence band, calculated
from Eq. 3, is shown in Fig. 3 together with the observed
spectrum of K ;[Co(CN)g] at 20 K. The calculated
relative intensities shown by the heights of vertical
lines in Fig. 3 are the one when K=10.7, and those of
the other marks are the ones when K=11.7 and 12.7.
When the maximum of the band occures at the n-th
component, it can be seen that =K in Eq. 3, so
that K=10.7 means that the first component of 18200
cm~! in the luminescence spectrum should involve
no v, vibration. It is clear from Fig. 3 that the intensity
ratio when K=10.7 is the best fit; thus it is highly
probable that the 0-O transition lies at 18300—18600
cm™1

B
B I

= I 4
g Ly
v i
2 13
3
Q }
& L%

lIJ H IJ4 1 ]I5 1

Wave number/10% cm-1
Fig. 3. Calculated relative intensity of K,[Co(CN),].

Broken line indicates the observed spectrum. Vertical
line, K=10.7; O, K=11.7; X, K=12.7.

By fitting the relative intensities of the individual
components in the observed luminescence band to
the calculated ones, the change in the Co-C equilib-
rium nuclear distance, Ar, between the luminescent
excited state and the ground state can be computed.
The calculated change in the distance is 0.3 A, when
K=10.7. This value can be compared to 0.20—0.23
A in Pt-F distance in [PtFg]2-.2®

Luminescence Spectrum of cis-KgNay[Co(CN),(S0,),].
The 20 K, 365 nm excited luminescence spectrum is
shown in Fig. 4. A broad and structureless band
was observed at 13200 cm~1, and its half band width
was about 2000 cm=!. The higher energy threshold
value of the luminescence band was observed at 16500
cm~l. The intensity of the luminescence was somewhat
weaker than that of the hexacyanocobaltates(III).
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Relative intensity
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Fig. 4. Luminescence spectrum of ¢is-K;Na,[Co(CN),-
(SO,),] at 20K.

log f(Rd)

T 20 2 2 26
Wave number/10% cm1
Fig. 5. Spin-forbidden bands of a) ¢is-K;Na,[Co(CN),-

(SO4),] and b) trans-Nas[Co(CN),(SO,),] measured
by diffuse reflectance method.

On the other hand, in the absorption spectrum obtained
by the diffuse reflectance method, a weak shoulder
was observed at ca. 20000 cm~!, as shown in Fig. 5.
In the figure the reflectance spectrum of ¢rans-Nas-
[Co(CN),(SOj3),] is also shown.

The luminescence can be assigned as the transition
from the lowest triplet state, 3T, (O,), to the 1A -
(Oy) ground state, on the basis of its position and in-
tensity. It is consistent with the position of the lumines-
cence band that the weak shoulder at ca. 20000 cm—!
in absorption was regarded to be the spin-forbidden
band, hence it can be assigned as the 3T, <'A,,
(Oy) spin-forbidden transition, which is the reverse
process of luminescence. The 0-0 transition would
lie at 16500—17000 cm~! on the basis of the threshold
value of the luminescence band and the maximum
position of both luminescence and absorption.

Luminescence Spectrum of trans-Nays[Co(CN),(S0;),].
The 20 K, 365 nm excited luminescence spectrum is
shown in Fig. 6. A broad and structureless band
as in the cis salt was observed at 14400 cm™1, and its
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Fig. 6. Luminescence spectrum of ¢rans-Nay[ Co(CN),-
(SO,);] at 20 K.

half band width was about 2300 cm-1. The threshold
value was observed at ca. 17700 cm~1. Intensity
of the luminescence was comparable to that of the
hexacyanocobaltates(III). = The diffuse reflectance
spectrum showed a weak shoulder at ca. 20000 cm™2,
as shown in Fig. 5.

The luminescence spectrum of this complex salt
has already been measured at 77 K by Zuloaga and
Kasha,'® and the spectrum obtained in the present
work was essentially the same as that in this previous
investigation. The luminescence can be assigned as
3T;,—>*A,,(0,) phosphorescence and the weak shoul-
der observed in the absortpion spectrum can be assigned
as the reverse process of the luminescence, that is the
5T, 1A, (0,) transition. The 0-0 transition would
lie at 17700-18200 cm~! on the basis of the threshold
value of the luminescence band and the maximum
position of both luminescence and absorption bands.
Finally, it is interesting to note that there is some
difference in ligand field strength between this com-
plex and hexacyanocobaltates(III), but the lu-
minescence of both appeared at almost the same po-
sition in spite of their defference in energy of the 3Tz«
1A,.(0,) spin-forbidden band.

Luminescence of Other Cobalt(III) Complexes. Lu-
minescence spectra  of fac-[Co(CN)y(NH,),], cis-
[Co(CN)y(en),] CIO,,  [Co(CN) (NH),] Cl,, ~ and
[Co(NHj)¢]Cly, excited by 365 and 313 nm light
were measured in the 12000—20000 cm—! region, but
no luminescence was observed even at 20 K. Thus
the luminescent complexes are probably restricted
to those having four or more cyano ligands.

Relationship  between Luminescence and Photochemical
Behavior. Photochemical reaction of cobalt(III)
complexes in aqueous solution have been extensively
studied by many authors.1®1¢3") Generally, they can
be classified into the following two types:

(A) Redox reaction from Co(III) to Co(II) with
release of ligands,

(B) Ligand substitution reaction without reduction
of central cobalt atom.

Cobalt(I1I) complexes almost all belong to type
(A), for example, [Co(NH,),]3+,3® [Co(en)s]*+,®
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[CoCl(NH,),;]2+,2940  [CoBr(NHj;);]2+,404  [Col-
(NH,);]%+,4243) [Co(ox),]3—,4" ete. But to date there
have been reported a few that belong to type (B), for
example, [Co(CN)¢]%-,%» [CoCl(CN);]3-,%:48) [CoBr-
(CN);]3-,2048) and [Co(CN);I]%-,%0) as listed in Table
2. It is interesting to note that all of them that belong
to type (B) contain five or more cyano ligands.

In the photochemical reaction of type (A), the
oxidation state of the cobalt atom changes from -3
to +2, hence it is considered that the reaction occurs
from a ligand-to-metal charge transfer(LMCT) state.
This means that the LMCT level mainly is the most
populated state after irradiation of ultraviolet light
and that the potential minimum of the LMCT level
is lower than that of the ligand field leves, as shown
in Fig. 7a). In the complexes of type (A), ligand

TABLE 2. RELATIONSHIP BETWEEN PIHOTOCHEMICAL
BEIIAVIOR AND LUMINESCENCE OF COBALT(III)

COMPLEXES
Type Of Phosphores-
Complex ph(:«?;g;g:llﬁal cenced
[Co(NHy)e]** A -
[Co(en),]*+ A -
[CoCl(NH,)s]*+ A —
[CoBr(NH,)s]** A -
[Col(NH,),]** A -
[Co(CN)(NH,),]** X -
cis-[Co(CN),(en),]+ X -
Jac-[Co(CN);(NH,;),] X -
cis-[Co(CN),4(S0Oy), 1%~ X +
trans-[Co(CN)4(SO0,),1%~ X +
[CoCI{CN);]3- B +9
[CoBr(CN);]3— B +9
[Co(CN);I113- B +©
[Co(CN)gl*— B +
[Co(ox)s]>~ A -

a) A, Type (A); B, Type (B); X, Not investigated.
b) +, Phosphorescent; —, non-phosphorescent.
¢) Unpublished data.

IMCT
~~= —p Teaction

Aq

absorption
N
absorption

[

phosphorescence

a) Type [(A) b) Type (B)

Fig. 7. Schematic diagram of potential curves of type
(A) and type (B) cobalt(III) complexes.
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substitution reaction also may occur, the cobalt atom
maintaining its oxidation state of +3 when the complex
is irradiated with a ligand field absorption band; but
even in those cases when this reaction has occured,
the quantum yield is lower than in the redox reaction
by from 10 to 100 times. In the solid state, although
there are only a few cobalt(III) complexes that undergo
photochemical reaction,??-48) the situation of electronic
level of these complexes does not differ as much as
in an aqueous solution. Thus in the solid state, the
irradiated energy may be finally populated also to the
LMCT level and would deactivate non-radiatively.
Therefore, it may be concluded that the complexes of
type (A) do not luminesce the *T,,—!A,;, phos-
phorescence.

On the other hand, in complexes that belong to
type (B), the cobalt(III) atom is not reduced, but the
ligand substitution reaction does occur; hence it is
considered that the energy irradiated is not populated
to the LMCT level, but to the ligand field level,
and a photochemical reaction occurs from this level
in aqueous solution. This indicates that the lowest
ligand field triplet level, *T,,(O,), would be the main
populated state and lower than the LMCT level,
as shown in Fig. 7b). Hence, in the solid state, the
¥T1,'A1,(O,) luminescence would be observed.
Actually, the luminescent complexes belong to type
(B), as shown in Table 2.
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Two kinds of four-component solubility isotherms consisting of (A-[Co(ox) (en),]*, 4-[Co(ox) (en),]*+)—(Cl-,
X~)-H,O, where X- stands for A-[Co(edta)]~ or (R,R)-C,H;O,~, have been determined experimentally at

25 °C.
is observed in these systems.
are discussed.

Several solubility isotherms of reciprocal salt-pairs
which have two cations and two anions such as (Nat,
NH,*)-(Cl-, HCO,;)-H,0 and (K+, Mg?")—(Cl-,
S0O,*)-H,;O have been reported!=3) and applied to
the alkali industry. However no such isotherm has
been reported for the system of metal complexes. The
four-component solubility isotherms of reciprocal salt-
pairs containing a pair of diastereomers are especially
interesting in a viewpoint of optical resolution.

In this connection, some of the three-component
solubility isotherms of chiral cobalt(III) complexes
have already been reported from our laboratory.9

The present paper deals with the solubility isotherms
(at 25 °C) of two kinds of reciprocal salt-pairs, (/-

[Co(ox)(en)z]*,  4-[Co(ox)(en),]*)—(Cl-, X7)-H,0O,
where X~ stands for A4-[Co(edta)]~ or (4 )sse(R,R)-
C,H;O4~ (abbreviated to d-Hgtart™). These four-

component systems provide the model cases of the
optical resolutions of rac-{Co(ox)(en),]Cl with resolving
agents containing the chiral anion X-.

Experimental

Materials. [Co(ox)(en),] X, X=Cl-H,O and d-Hjtart-
nH,0: Racemic chloride monohydrate and racemic acetate
were prepared and optically resolved by the methods of
Dwyer et al.® and Jordan et al.,>) and that improved by
Koine.” The A4-[Co(ox)(en),]Cl-H,O complex was ob-
tained from the filtrate from the less soluble diasterecomer
A-[Co(ox) (en),] (d-H,tart) -H,O in these procedures by add-
ing 12 M HCI, and was optically purified by repeated cry-
stallizations from warm water. The more soluble dia-
stereomer A-[Co(ox) (en),](d-H,tart) -2H,O was prepared
from A-[Co(ox)(en),]Cl-H,O, d-Hjtart, and Ag,(d-H,tart)
in the mole ratio of 2: 1 : 1, and recrystallized from warm
water. Found: C, 26.42; H, 5.56; N, 12.409%,. Calcd for
A4-[Co(ox) (en),] (d-Hstart) - 2H,O: C, 26.56; H, 5.57; N,
12.399%. The A-[Co(ox)(en),]Cl-H,O complex was ob-
tained by adding I12MHCI to a warm solution of the
less soluble diastereomer.

A-K[Co(edta)]-2H,0: This complex was resolved by the
method of Jordan et al.® and optically purified by fractional
crystallization after treating with a cation exchange resin
K+ form.

[Co(ox) (en),]A-[Co(edta)]-nH,0: The less soluble dia-
stereomer A-[Co(ox)(en),]4-[Co(edta)]-H,O was obtained
by the method of Dwyer efal.® The more soluble dia-
stereomer was prepared from -[Co(ox)(en),](CH,COO)
and 4-K[Co(edta)]-2H,0O and recrystallized from warm
water. Found: C, 28.97; H, 5.11; N, 12.70%,. Calcd for
A-[Co(ox)(en),]4-[Co(edta)]-3H,O: C, 28.75; H, 5.13; N,
12.57%,.

It has been found that neither double salt nor solid solution exists and no configurational activity
The applications of these phase diagrams to the practical optical resolutions

Measurements. Solubility was measured at 25°C as
follows: a mixed aqueous solution containing an excess of
one, two, or three solid complex salt(s) in a conical flask
was stirred mechanically for ¢a. 1.5h at 25°C in a ther-
mostat regulated within =+0.1°C. After the resulting
saturated solution had been left to stand for a while, a
portion of the supernatant solution was sucked into a
weighing bottle through a cotton plug and then weighed.
The amount of each ion in the saturated solution was
determined as follows. The sample was diluted with water
to a known volume, and its optical density and CD were
measured. In the cases of containing A-[Co(edta)]~ ion,
optical densities were measured at 470.0 and 580.0 nm, and
CD at 540.5 and 590.0 nm. The concentrations of {A-
[Co(ox) (en),]* + A-[Co(ox) (en),]*} and A-[Co(edta)]~ were
derived from the observed optical densities, referring to the
established values for the molar absorption coefficients of
the component ions: £(470.0 nm)=89.1 and ¢(580.0 nm)=
11.7 for A- and A-[Co(ox)(en),]+, and £(470.0 nm)=93.2
and £(580.0 nm)=199 for A4-[Co(edta)]~. The concentra-
tions of {A-[Co(ox)(en),]+—A-[Co(ox)(en),]*} and A-[Co-
(edta)]~ were also derived from the observed CD values,
referring to the data: Ae(540.5nm)==+2.31 and Ae(590.0
nm) ==+0.255 for A- and 4-[Co(ox)(en),]* (+ and — for
A and A, respectively), and Ae(540.5 nm)=0 and A&(590.0
nm)= —1.66 for A-[Co(edta)]-. The concentrations of A-
and A-[Co(ox)(en),]+ were separately calculated from those
of {A4-[Co(ox)(en)y]*+A-[Co(ox)(en),]+} and {A-[Co(ox)-
(en),]*— A-[Co(ox)(en),]*}. The concentration of A-[Co-
(edta)]~ was obtained from the mean values through the
absorption and CD measurements. In the cases of not con-
taining A4-[Co(edta)]—, optical densities and CD of the diluted
sample solutions were measured at 497.0 and 523.0 nm,
respectively, and the concentrations of A- and A-[Co(ox)-
(en),]* were separately derived, referring to the data:
£(497.0 nm) =119 and A¢(523.0 nm)==+27.5 for A- and A4-
[Co(ox)(en),]t (+ and — for A and A4, respectively). In
the cases of containing d-Hjtart~ and Cl~ ions, a titration
method was combined with the spectral one in order to
determine the amount of d-Hjtart—: the sample solution,
which was sucked up and then weighed, was diluted to an
appropriate volume and titrated with a 0.01 mol dm-3
NaOH solution to the end point of pH jump of the second
step dissociation of the dicarboxylic acid.

In these ways, the amounts of all the cations and anions
and then the amount of water in the saturated solution
were obtained. Thus the concentrations of all the complex
salts were calculated in molality. From a few reference
experiments, it was confirmed that the optical densities and
CD of the present cobalt(III) complex ions were not in-
fluenced by the coexistence of the counter ions, and that
the absorption or CD valuc obtained for a mixed solution
of several complex ions at a given wavelength was equal
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to the sum of those measured for the individual complex
ions.

The solid phases were identified from the elemental anal-
yses, the absorption and CD spectra, and so on. Optical
densities were measured with a JASCO UVIDEC-1 spectro-
photometer and CD with a JASCO MOE-1 spectropolari-

meter,

Results and Discussion

Definition of Solubility Diagrams of Reciprocal Salt-Pairs.
Solubility isotherms of reciprocal salt-pairs, (A+, B+)—
(X, Y-)-solvent, can be drawn in space as shown in
Fig. 1.1 Four vectors along four axes starting from
an origin O show the solubilities of AX, AY, BX,
and BY in a solvent. In this definition, the mutual
nearest neighbor axes are situated at an angle of 60°
and have a common-ion. The angle between an axis
and the opposite one becomes 90°. Any saturated
solution can be expressed as a point defined by sum-
ming up the position vectors of the solubilities of the
salts contained. So the points of the solubilities of the
binary and ternary systems are situated on the axes
and the side faces of the tetragonal pyramid, respectively,
except for the two ternary systems such as AX-BY—
solvent and AY-BX-solvent which have only the solid

phases of A/B, ,X,Y,_ ,-n(solvent) and AB,_ .-
X1 gY 7' (solvent), respectively (0=p=1 and 0=
g=l1). In the four-component system, there are two

ways to attribute a solution to three salts and the solvent,
assuming the concentrations of all the salts to be posi-
tive; for example, the choice is possible between the
sets AX+BX-+AY-+solvent and AX4-BX-+BY+
solvent. However, the points of these two systems are
the same in space, when each axis is graduated in mo-
lality.

AY BY

)

AX BX

S1 T,

[¢]

Fig. 1. Solubility diagram of reciprocal salt-pairs (At,
B+)-(X~, Y-)-solvent.

In this way, the phase diagram of reciprocal salt-
pairs is strictly determined,® and the isotherms can
be drawn by three kinds of plane figures: they are the
plane projection on the horizontal base, the side eleva-
tion projected by parallel light along S,;S, or T,T,,
and the clinographic projection with a light source
at the origin O in Fig. 1. The clinographic projection
has the property that the abscissa and ordinate
indicate the mole fractions of B+ and Y-, respectively,
to all the cations or anions (see Figs. 3 and 5).
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Solubility Isotherms of (A-[Co(ox)(en)s]*s A-[Co(ox)-
(en) ]t—(Cl-, X—)-H,0; X-=A-[Co(edta)]~ and
d-Hjtart—. The solubility data obtained are given
in Tables 1 and 2, and in Figs. 2—5. Neither double
salt including racemic compound nor solid solution

m/10* molkg™"

Fig. 2. The plane projection (upper) and the side ele-
vation of the solubility isotherm of the reciprocal
salt-pairs (A-[Co(ox)(en),]*, 4-[Co(ox)(en),]*)-(Cl-,
A-[Co(edta)]-)-H,O at 25 °C: solubility is presented
in molality m of anhydrous salt; (1) A-[Co(ox)(en),]-
Cl, (2) 4-[Co(ox)(en),]Cl, (3) A4-[Co(ox)(en),]4-
[Co(edta)], (4) A-[Co(ox)(en),]d-[Co(edta)]; [,
solubility of four-components; O, solubility of two-
or three-components.

10 G )
) e
@
+0.8
-0.6
0.4
HY
0.2
0.03 3
IO~ — -0 D — 0 o8 F
0 (1)A 5 B2
(.) 0:2 0.'4 0._6 0.[8 1;0
a
Fig. 3. The clinographic projection of the solubility

isotherm of the reciprocal salt-pairs (A-[Co(0x) (en),]*,
A-[Co(ox)(en),]*) - (Cl~, A-[Co(edta)]~)-H,O at
25 °C: o, mole fraction of A-[Co(ox)(en),]* to all the
cations; B, mole fraction of A-[Co(edta)]— to all the
anions; (1) A-[Co(ox)(en);]Cl, (2) 4-[Co(ox)(en),]Cl,
(3) A4-[Co(ox)(en),]4-[Co(edta)], (4) .A-[Co(ox)-
(en),]4-[Co(edta)]; [, solubility of four-components;
O, solubility of two- or three-components.
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TapLE 1. Equmisrium oF (A-[Co(ox)(en),]t, A-[Co(ox)(en),]*)-(Cl-, 4-[Co(edta)]-)~-H,O system aT 25 °C
In liquid phases, solubility is presented in molality m of anhydrous salt. Abbreviations are as follows:
A-[Co(ox) (en),]Cl. H,O = ACl, 4-[Co(ox) (en),]Cl- H,O =ACl, A-[Co(ox)(en),;]4-[Co(edta)] -3SH,O= ARy,
A-[Co(ox) (en),]A4-[Co(edta)] - H,O =4R;.
Liquid phase® Liquid phase® Solid
m/10-% mol kg—* Solid m/10-2 mol kg1 oli
a) b) phase a) b) phasc
ACl  ACl AR, AR, ACl  ACl AR, 4R,
7.57 0.93 4.13
A2 {(io.og) AC 5 2.26 3.71
3.55 3.43
7.32  0.63 1 3 AR,
4.38 3.26
6.90 1.75 H
5.63 3.08
6.96 1.79 6 47 5 97
A 7.04 1.93 : :
7 3 6.77 2.34 ACI A 7.44 0.65
E 6‘58 2.92 ) 3 7.28 1.56 ACI
6:29 4:19 H 7.06 2.50
6.00 5.44 H 3 6.96 2.92 ACI
5 57 (20.13) (2=0.04) + AR,
B 2 { ' AQl 0.74 0.65
(0.09) 1.65 0.47
0.41  7.45 2.31 0.39
1.60 6.98 2.94 0.34
B 2.24  6.92 c 3.67 0.31
2.88 6.78 . 4.34 0.27
i 3 3.60  6.42 4G 1 3 4.93 0.96 AR
3.90  6.44 5.08 0.25
4.91  6.08 5.34 0.24
5.30 5.96 5.49 0.26
E 3 5.80  5.89 ACI e 0.
(#0.10) (2=0.10) +4Cl : :
F 3 { 7.65 0.22 AcCl
b 4 6.06 5.68 0.37 ACLCI +0.07) +0.02)  +4R,
1 (20.11) (=0.12) (£0.06)  TI¥ 0.27  7.49 0.21
+d4AR, 1.31 7.04 0.23
0.89 F 2.25 6.78 0.26
¢ 2 { (0.02) 4R t 4 318 6.4 0.28 A9 o
0.3 0.75 P, 3.64 6.33 0.29 1
: : 4.50 6.08 0.31
0.65 0.6 5.30  5.94 0.33
0.96  0.55 . . .
1.02  0.57 6.13  5.27 0.37
1.47  0.48 6.25  4.88 0.38
c 1.82 0.4 6.33 4.80 0.42
13 2.42  o0.36 AR 6.33  4.44 0.42
G 2.92  0.34 6.39  4.06 0.44
2.96  0.32 6.46  3.86 0.45
3.31  0.33 P 6.57  3.65 0.54
3.59  0.32 ¢4 6.59  3.58 0.48  ACl
3.93  0.30 i 6.63  3.25 0.51 +4R,
449 6.80  2.82 0.57
D 2 { ' AR 6.95 2.3 0.64
(£0.04) ! 7.15  1.80 0.76
3 4.33  0.28 AR, 7.26  1.51 0.81
(20.01) (£0.01) 4+ AR, 7.40 1.14 0.91
0.58 4.23  0.20 7.57  0.86 1.02
1.46 3.90 0.27 7.82 0.42 1.20
2.58 3.51  0.32 I3 8.02 1.36  AcCl
G 3.69 3.20 0.38 AR, (2=0.08) +0.02) +4R,
1 4 3.48 3.07  0.45 +4R, 7.89 0.30 1.9
P, 4.46 2.93  0.51 I 7.65 0.87 1.0l
5.35 2.74 0.58 4 7.54 1.19 9 AC1
1 ) ) 0.92
6.21 2.56  0.62 P, 7.53 1.51  0.86 +4R,
6.79 2.45  0.66 745 1.8 0.80
7.38 2.39 o0.72 A0 C 1.18 0.99
P4 103y (£0.15) (£0.15) ij‘gl 3 { 2.49 108 AR
1

a) Positions of the points in Figs. 2 and 3.

A and E.

b) Number of components.

In these expressions A—E, for

example, does not contain the points
¢) The values in parentheses are estimated errors and were calculated
from twice the standard deviations of the experimental measurements, which were repeated 3—25 times.
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TABLE 2.

In liquid phases, solubility is presented in molality m of anhydrous salt.
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EquiLisrium OF (A-[Co(ox)(en),]t, 4-[Co(ox)(en),]*+)-(Cl-, d-Htart~)-H,O system at 25 °C

Abbreviations are as follows:

A-[Co(ox) (en),]C1-H,O = ACI, A-[Co(ox)(en),]Cl-H,O=4Cl, A-[Co(ox)(en),](d-Hytart) -H,O=AR,,

A-[Co(ox) (en),] (d-Hytart) - 2H,0 =AR,.

The data for A, B, E;, Ao~E, and BoE are listed in Table 1.

Liquid phase®

m/10-2 mol kg1 Solid

Liquid phase®

m/10-% mol kg-! Solid

a) b) N, phase a) b) phase
ACl 4Gl AR, 4R, ACl  4AC1 AR, 4R,
c 2 { 022 4R, b 4 2.97 7.76  4.78 A9
(x0.11) ' (£0.06) (£0.09) (£0.05) Y
C 2
1 3 1.13  10.19 4R, 7.30 0.78
G A j 7.10 1.62
1 3 7.02 1.96 ACI
D 2 4.67 AR, H ( 6.80 2.44
4.96 1.03 6.80 2.65
D 3.84 2.89
1 3 3.34  4.99 AR, D é?g ‘3}‘%42}
.08 7.00 ’ )
G 3.0 1 3 3.41 3.56 AR,
2.85  8.58 H 4.45 3.33
G 3 { 2.89  9.85 AR, 5.14 3.23
(0.10) (+0.33) +4R, H 3 { 6.72 2.98 Acl
0.82 2.91 9.06 (==0.28) (=+0.04) + AR,
(1“73% %gg gég 6.27 0.82  3.10
. . . . .54 .
G 2.63 3.25 8.25 §’§§ { 80 2 %Z
T 4 ! 330 3.33 7.08 AR : ' :
) : +4R, H 5.41  2.35  3.44 Ac
P, 3.99 3.44 7.70
s 1 4 4.85 3.43 3.73
5.03  3.48 7.5 P, 461 4.0  3.82 +AR,
5.51 3.56 7.21 4.48 4.38 3.94
5.90 3.71 7.05 4.01 5.46 4.17
3.44  6.61  4.50
b 4 { 6.78 3.8  6.69 AEIAR ves  ses 579
2 +0.18) (==0.14) (==0.28 2 . . .
( ) ) ) +4R, 0.65 8.74 5.73
7.92 1.10 8.92 5.98 0.14
6.94 2.16 8.84 5.89 0.28
B 6.58 3.12 Acl 8.96 5.92 0.28
1 3 6.46 4.16 c 8.79 5.79  0.46
K I 6.10 5.57 8.61 5.62 0.88
5.78 7.15 8.60 5.66 0.89
o P, 8.57 5.55 1.17  ACl
.39 9.98 I 44) 8.49 5.48 1.27 + AR,
13 | L g AR, P, 8.16 5.2¢ 1.83 :
F 8.17 5.13  2.10
N T Lo s g
(==0.20) (=0.08) + 4R, 20 484 300
F 6.03 0.93 8.15 7.62 4.71  3.25
4 6.07 1.79 7.80  ACI 7.63 4.64  3.72
. 6.39 2.77 7.2 +4R, 7.39  4.42  4.48
2 6.75 3.44  6.84 6.83 4.12  5.97
5.499 6.23 0.74
E 4.98  6.57 1.59
T 4 450 6.78  2.28 .
P, 3.71 7.20 3.48 +
3.17  7.58 4.4

a) Positions of the points in Figs. 4 and 5. AoE, for example, does not contain the points A and E. b)

Number of components.

¢) The values in parentheses mean the same in Table 1.

d) The point I, where P,—P,

intersects the OBD plane, has exceptionally number of components 3.

exists in these systems. In the areas of AEP,P,H,
BFP,E, CGP,P,F, and DHP,G in Figs. 2 and 3, the
saturated solutions are in equilibrium with the solids,
A-[Co(ox)(en),]Cl-H,O, 4-[Co(ox)(en),]Cl-H,O, 4-
[Co(ox)(en),]4-[Co(edta)]-HyO, and A-[Co(ox)(en),]-
A-[Co(edta)]-3H,O, respectively. In the areas of
AEPH, BFP,P,E, CGP,F, and DHP,P,G in Figs. 4

and 5, the saturated solutions are in equilibrium with

the solids, 4-[Co(ox)(en),]Cl-H,0, 4-[Co(ox)(en),]-
Cl-H,0, 4-[Co(ox)(en),] (d-Hgtart)-2H,0, and A-[Co-
(ox)(en),](d-Htart) -H,O, respectively.

In the region along the GeP, line (Figs. 3 and 5)
which has four-components containing AX and 4X
as solid phases (X=R; or R,, and the abbreviations
are the same as those in Tables 1 and 2), it was observed
experimentally that the mole ratio of A+ to A* in
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4
Ip

m/10 % mol kg™

Fig. 4. The plane projection (upper) and the side ele-
vation of the solubility isotherm of the reciprocal
salt-pairs (/A-[Co(ox)(en),]*, 4-[Co(ox)(en),]+)-(Cl,
d-Hjtart—)-H,O at 25°C: solubility is presented in
molality m of anhydrous salt; (1) A-[Co(ox)(en),]Cl,
(2) A-[Co(ox)(en),]Cl, (3) 4-[Co(ox)(en),](d-Hgtart),
(4) A-[Co(ox)(en),](d-Hstart); [, solubility of four-
components; O, solubility of two- or three-compo-
nents,

§—o—eo-o—o—ahor—o—ooo—od
0 02 04 06 08 L0

Fig. 5. The clinographic projection of the solubility
isotherm of the reciprocal salt-pairs (A-[Co(ox)-
(en)y]t, A-[Co(ox)(en),]*)-(Cl~, d-Hjtart—)-H,O at
25 °C: a, mole fraction of A-[Co(ox)(en),]* to all the
cations; B, mole fraction of d-Hjtart~ to all the an-
ions; (1) A-[Co(ox)(en),]Cl, (2) A-[Co(ox)(en),]Cl,
(3) 4-[Co(ox)(en),](d-Hytart), (4) A-[Co(ox)(en),](d-
Hjtart); [, solubility of four-components; O, solubil-
ity of two- or three-components.

the liquid phase was almost constant. The analogous
situations exist in the regions of E<P,, FoP; and
HoP, (X=R,), and E<P,, HoP, and FoP, (X
=R,). In other words, when two solids having a
common-ion are in equilibrium with a solution, the
mole ratio between the counter ions in its solution

[Vol. 52, No. 1

does not change by adding the fourth ion; thus no
configurational activity®~'1) was observed in the pre-
sent systems.

Applications to Optical Resolution. (1) (A-[Co-
(0x) (en)2]*, A-[Co(ox)(en),]*)~( Cl~, A-[Co (edta)]~)-
H,0 System: The A4-[Co(ox)(en),]4-[Co(edta)]-H,O
diastereomer is predominant in the solid phases (Figs.
2 and 3), and this system can be applied successfully
to the practical optical resolution. One mole of rac-
[Co(ox)(en),]Cl-H,O is dissolved in an excess of water
and x mol of 4-Ag[Co(edta)] is added to it (0=x=
1). After the resulting precipitate AgCl has been
filtered off, the filtrate is concentrated at 25 °C. Ig-
noring the dissolved AgCl, this operation produces
just the same condition as that of the above solubility
isotherm (Figs. 2 and 3).

There are several cases about the values of x: in the
case of 0=x<0.03, the situation corresponds to the
region of E&P; in Figs. 2 and 3, giving no success in
the optical resolution because of the precipitation of
the racemic mixture [Co(ox)(en),]Cl-H,O. The
value, ¥=0.03, corresponds to the point P;; the optical
resolution is also unsuccessful because of the simul-
taneous precipitations of the A4-4 mixture of [Co-
(ox)(en),]Cl1-H,O and the diastereomer 4-[Co(ox)-
(en),]4-Co[(edta)]-H,O. In the case of 0.03<x<
0.62, which relates to the region of P;+»P,, the optical
resolution is possible since the precipitation of the dia-
stereomer A-[Co(ox)(en),]4-[Co(edta)]-H,O occurs
firstly and that of 4-[Co(ox)(en),]Cl-H,O later, but
the yield of the pure less soluble diastereomer is not
maximum. If an unsaturated solution having the
composition U’ (¥x=0.4) in Fig. 3 is concentrated at
the constant temperature 25 °C, the composition of
the solution will remain at the point U’ so long as the
solution is unsaturated. When the solution becomes
saturated, the precipitation of the less soluble diaste-
reomer will appear in this system and the point will
move along the line U'—1I’. At the point I’ the second
precipitation A-[Co(ox)(en),]Cl-H,O will begin to
appear, and the trace of the point will proceed along
I’-P,. Finally at the invariant point P; the third
solid 4-[Co(ox)(en),]Cl1-H,O will appear. If we start
from the point U (x¥=0.5), the solution composition
will finally reach the point I (the invariant point
in the ternary system, 4-[Co(ox)(en),]4-[Co(edta)]-
A-[Co(ox)(en),]Cl-H,0), and then the composition
of the liquid phase will never change. And if we
start from U” (x=0.62), the solution composition will
finally reach the invariant point P,, where the solids,
A-[Co(ox)(en),]4-[Co(edta)]-H,O, A-[Co(ox)(en),]Cl-
H,0, and 4-[Co(ox)(en),]4-[Co(edta)]-3H,0O, coexist.
The yield of the pure less soluble diastercomer will
become maximum in the range 0.62=x=1. From
the viewpoint of saving the resolving agent, the
condition, x=0.62, which relates to the point P, is the
most desirable. The calculated yield of the pure
diastereomer is 939, of A-[Co(ox)(en),]* (47% of
the racemic one).

It has been reported that the solubility ratio
of A-[Co(ox)(en),]4-[Co(edta)]-3H,O to A-[Co(ox)-
(en),]4-[Co(edta)]-H,O in the ternary system be-
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comes larger with increasing temperature.) There-
fore, more desirable conditions of the optical resolution
may be found at higher temperatures.

(2) (A-[Co(ox)(en)5]*, A-[Co(ox)(en)o]*)~(Cl-, d-
Hgtart—)-H,0 System: In this system (Figs. 4 and 5),
all the complex salts have comparable solubilities in
contrast to the case (1) containing A-[Co(edta)]~ ion.
This system can be also applied in the same manner
as mentioned above; the resolving agents practically
used are x/2 mol of d-Hjtart and x/2 mol of Ag,(d-
H,tart). The optical resolution will be successful
in the range 0.31<x=1 which correlates to the regions
of P,~P, and P,~G in Figs. 4 and 5. The yield of
the pure less soluble diastereomer becomes maximum
in the range 0.75=x=1 and reaches 719, of A-[Co-
(ox)(en),]* (359, of the racemic one).
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The Formation of the Oxidized Fe;0,~Fe,TiO, Solid Solution
by the Air Oxidation of the Aqueous Suspension

Takashi KATsura,* Yutaka TAMAURA, and Gyong Sun Cuyo
Department of Chemistry, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152
(Received July 14, 1978)

The oxidized Fe O,-Fe, TiO, solid solution with the spinel type structure was synthesized by means of
ferrite methods at pH 9.0 and 65°C. When the solid solution thus obtained was heated at 200 or 300°C
in air for 20 h, it was completely oxidized to form a ferromagnetic product, which retained the spinel type

structure for Ti/Fe..,; ratios from 0 to 0.5.

Akashi et al.1) proposed a “Ferrite Method” to elim-
inate many kinds of heavy metal ions in waste waters
with concentrations as high as 1000 ppm. It should
be emphasized that the ferromagnetic sludges thus
formed are completely separated from solutions by
a magnet. Katsura et al.?) have examined this method
for treating concentrated laboratory waste waters,
and have succeeded in establishing a station for elimi-
nating the harmful heavy metal ions. Of course,
the background of the ferrite method is greatly indebted
to many previous fundamental studies of the formation
of FegO4 by the air oxidation of a ferrous hydroxide
suspension in slightly alkaline solution. During these
investigations, Kiyama?® established the stability field
for the formation of Fe;O, with respect to the tempera-
ture and alkalinity of the aqueous suspensions.
Yasuoka et al.,¥ Hamamura ¢/ al.,") and Kiyama®?
have synthesized MnFe,O,, ZnFe,O,, BaFe,O,, and
Mn- and Co-ferrites, respectively. Katsura et al.?
and Kaneko and Katsura®) have also studied the forma-
tion of a solid solution of FeCr,0,~Fe,O, and the
MgFe,O,~Fe,O, solid solution by the ferrite method,
respectively. Tamaura et al.® have studied the forma-
tion of FegO, in the presence of a dispersing reagent.
The formations of solid solutions between Fe,O, and
the double oxides are of much interest not only for the
ferrite method, but also for the fundamental studies.

The presnet objectives are to: (1) ascertain whether
or not a FegO,—Fe,TiO, solid solution having the spinel
type structure could be formed in its complete compo-
sition range by the ferrite method, and to (2) obtain
a strongly oxidized Fe,O4-Fe,TiO; solid solution having
the ferromagnetic spinel type structure by heating
the samples synthesized by the ferrite method at some
higher temperatures. The latter objective is especially
valuable for studying the magnetic or geomagnetic
properties of highly oxidized titanomagneite found
in igneous rocks.

Experimental

Reagents. The guaranteed reagent grade of FeSO,-
7H,O and the reagent grade of Ti(SO,),-nH,O were
employed for preparing solutions with various Ti/Feyqta;
ratios ranging from 0 to 0.5.

Chemical Analysis. To determine Ti content in the
reagent Ti(SO,),-nH,O and the Ti*t, Fe?*, and Fe?+
contents in the ferrites obtained, the improved method of
Iwasaki et al.l® was used. But the ferrites containing
various amounts of Ti4t were easily dissolved by the 4 mol
dm—3 sulfuric acid solution. Thus, there was no need to
use thc mixed acid solution of sulfuric acid and hydro-

fluoric acid.

Apparatus. The reaction vessel was a beaker with
a capacity of 1dm3, as shown in Fig. 1. The temperature
of the vessel was kept constant to 65+0.5°C by a
mantle heater controlled by an electric temperature con-
troller. A glass tube (8) with a flat end having eight
holes (0.1 cm in diameter) at equal intervals is kept in
contact with the bottom of the beaker. A platinum elec-
trode, and a calomel elctrode with a double junction are
1, 5, and 6 in Fig. 1. A thermister to control the tem-
perature is 3 in Fig. 1, and 4 is a condenser.

Procedures. Re-distilled water (800 cm3) was added
to a separable beaker, and was flushed, using nitrogen gas
free from carbon dioxide and oxygen for about 1 h. After
the separable beaker was sealed, the solution was heated
at 65+0.5°C while the nitrogen gas bubbling was
continued. FeSO,.7H,O (14.4g) and a desired amount
of the titanium(IV) sulfate solution were then added still
continuing the flow of the nitrogen gas. Then, a 2 mol dm—3
sodium hydroxide solution free from carbon dioxide was
added; the pH-stat controller was used to adjust the pH
value at 9.0 or any desired value. After the solution stood
for about 1h, the pH value and the oxidation potential
(ORP) became constant without further addition of the

s
Sample

Fig. 1. The reaction vessel used in this study. The
reaction vessel is separable. 1: Platinum electrode,
2: thermometer, 3: thermister, 4: condenser, 5:
glass electrode, 6: calomel electrode with double
junction 7, 8: glass tube with a flat end having eight
holes (0.1 cm in diameter).
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Fig. 2. Magnetic separator used in this experiment.
The product is attracted by the four magnets with
1600 Oc and separated from the solution within
2—5 min.

2 mol dm~? sodium hydroxide solution. Then, pre-purified
air free from carbon dioxide was passed at a rate of 3 dm3
min-! through the solution in place of the nitrogen gas
for a desired period of time. The temperature and the
pH were kept constant during the course of the air oxida-
tion. The end of the oxidation which completed the
formation of the ferromagnetic spinel type product was
easily recognized by mean of an oxidation potential meas-
urement, as pointed out in previous studies.® The rela-
tionship between the ORP value and the Fe?*/Fe.q.,; ratio
will be seen later. The oxidation product was separated
from the solution in the nitrogen atmosphere by a magnetic
separator devised specially for the present experiment. The
magnetic separator used is illustrated in Fig. 2. The prod-
uct attracted by the magnet was then washed with re-
distilled water several times, then with acetone to remove
the water in the precipitate as completely as possible. The
precipitate thus obtained was dried by the freeze-dry tech-
nique. The product was analyzed chemically to determine
the contents of Fe?t, Fe3+, and Ti**. The dried product
was examined by the powder X-ray diffraction method,
infrared spectroscopy, and electron microscopy to identify
the phases present in the product. The 20 angles of the
diffraction peaks were calibrated against the standard Si
powder by using the Mn-filtered Fe Ka radiation. The
magnetic susceptibility and the Méssbauer spectra were also
obtained for extremely oxidized Fe,O,-Fe, TiO; solid solu-
tion having the spinel type structure. The results obtained
from these magnetic and Méssbauer studies will be publised
in the near future.

In order to determine the oxidation rate in the aqueous
suspension, an aliquot portion of the suspended solution
containing oxide and/or hydroxide was taken out by a
syringe in the course of the air oxidation, as seen in Fig.
1, without any air contamination.

Results and Discussion

(1) The Hpydrolysis of Titanium in the Presence of the
Fe2+ Ion in Aqueous Suspension. Kaneko and
Katsura® pointed out that the process of hydrolysis
is important for producing the ferrite solid solution.
In this paper, the acidic solution containing titanium-
(IV) and iron(II) ions (Ti/Fe ratio of 0.304) was titrated
with a 2 mol dm—® sodium hydroxide solution. The
result is shown in Fig. 3. As seen here, the titanium-
(IV) ions were almost completely hydrolyzed at about
pH 9. So, at pH9.0, all ions of titanium(IV) and
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|

) 10 2|0 30 40 50 60 70
2 M NaOH/cm?

Fig. 3. The titration curve for Ti** and Fe*'. The

Ti/Feioia ratio is 0.304, and the concentration of the
NaOH solution is 2 M.

iron(II) were in the hydrous state. This suggests
that the complete solid solution of Fe,TiO;Fe;O,4
could be produced by the ferrite method at a pH of
9.0 and at 65 °C, provided that the hydrolysis is one
of the definite steps needed to form the ferrite, as pointed
out in the previous paper.?)

(2) The Oxidation Rate to Form the FesO4Fe,TiO,
Solid  Solution. Figure 4 shows the relationship
between the Fe?*/Fe,,,,, ratio in the suspended solution
and the reaction time(min) in the case of the ferrous
hydroxide alone(Ti/Fe,,,,=0). The measurements
were performed at pH 9.0 and 11.0 at 65°C. The
ORP dependence of the Fe?t/Fe, ,,, ratio is also plot-
ted in Fig. 4. As seen here, the ORP values changed
abruptly from about —800 to —50mV at pH
values 9.0 and 11.0, as pointed by the letters a and b.
In the early stage of the oxidation, which ranged from
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- -0
8
£ %
- —1—200 E
2 &~
Q
3 o
i~ ——400
&
o
<]
-1—600
~—800

1
0 30 60 90 120
Oxidation time/min

Fig. 4. The oxidation rate of the Fe(OH), suspension
by the air and the change of the oxidation potential
(Pt-Calomel couple). The Ti/Fe;,,; molar ratio is 0.
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point s to a or b, as is clear in Fig. 4, the oxidation
rate was high, and the rate seems to be a zero order
reaction. However, considering the present accuracy
of chemical analysis, we may say that the oxidation
rate in the early stage is constructed by two somewhat
different straight lines; one is from s to d the other is
from d to b at pH 9.0, and from s to ¢ and ¢ to a at
pH 11.0. According to the results of the X-ray dif-
fraction method and the electron microscopy, there
was a large amount of ferrous hydroxide in the suspen-
sions produced during the course from s to ¢ or d,
then gradually the amount of ferrous hydroxdie was
decreased to form a large amount of ferrite in the
course from d or ¢ to b or a. At point a or b, no ferrous
hydroxide crystals were found in the suspension. The
oxidation rate changed greatly at just the same point
as where the ORP value changed abruptly by a or b
in Fig. 4. The electrochemical discussion on this
phenomenon will be presented in the near future.

Figures 5 and 6 show the same relationship between
the Fe?*/Fe, ., ratio in the suspended solution and
the reaction time in cases of the Ti/Fe,,,, ratios of
0.071 and 0.304, respectively. As seen in Figs. 5 and 6,
the great changes in the ORP values correspond to the
end points of the oxidation reaction for producing
the ferrite containing titanium. Because of these
results, the oxidation by the air was stopped just 10
min after the abrupt change of the ORP value, and the
ferromagnetic suspension was separated and dried
as described before. We call the dried product
thus obtained series A.

(3) The Non-stoichiomeiry in Composition. As
seen in Figs. 4, 5, and 6, the compositions of the series
A are not stoichiometric and the deviation from the
stoichiometric composition increases with increasing
the Ti/Fe,,,,, ratio. For example, in the case of the
Ti/Fe,,, ratio of 0.304, the Fe?*/Fe, ., ratio should
be 0.739 if the composition is stoichiometric, but as
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Fig. 5. The oxidation rate of the suspension by the
air (Pt-Calomel couple). The Ti/Fe,y, molar ratio
is 0.071.
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Fig. 6. The oxidation rate of the suspension by the
air (Pt-Calomel couple). The Ti/Feyoa molar ratio
is 0.304.

seen in Fig. 6, the real ratio was only 0.290. This
means that the series A is oxidized. The X-ray dif-
fraction pattern of each product showd only a typical
spinel type structure.

(4) Synthesis of the Extremely Oxidized Fe,TiO,
Fe;0, Solid Solution. The series A was subsequently
heated at a temperature range from 80 to 400 °C in
air by an electrical furnace for desired periods of
time. The product thus obtained is called the series B.
The series B was examined by the X-ray diffraction
method, infrared spectroscopy, electron microscopy,
and the Modssbauer method. Chemical analysis was
also performed to determine the contents of FeO,
Fe,O;, and TiO, Here we will discuss the results
obtained from the chemical analysis and the X-ray
diffraction method. The other results will be discussed
in the near future.

It is convenient to show the chemical composition
of the series B together with the series A as a ternary
system: FeO, Fe,O,, and TiO,. Figure 7 shows the
chemical composition of the series A and B. It is well
known that there exist three solid solution series in the
FeO-Fe,0,-TiO, system at high temperatures: Fe,O,~
Fe,TiO,(titanomagnetite with spinel type), Fe,O,
FeTiOg(rhombohedral), and Fe,TiO4FeTi,O;(ortho-
rhombic). These are shown in Fig. 7 as straight
lines. The oxygen reaction lines are also drawn by
straight lines. For example, if the stoichiometric
composition M in Fig. 7 is oxidized, then the compo-
sition moves along the oxygen reaction line to a point N,
Some chemical compositions deviate from these oxygen
reaction lines. These are due to errors in the chemical
analysis. The points on the curved dotted line give
the chemical compositions of the series A. The letter
x means the mole fraction of Fe,TiO, in the Fe,O
Fe,TiO, solid solution. The values of the Ti/Fe,,,,
ratio of 0.071 and 0.304 which were seen in this paper
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Fe,Ti;0s ¢

FeO

Fig. 7. The chemical composition of the series A and
B expressed as FeO, Fe,O,, and TiO,. Three solid
solutions of Fe;O,-Fe,TiO,, Fe,0,-FeTiO; and Fe,-
TiO;-FeTi,0; are given by three straight lines. The
oxygen reaction lines are also shown by the straight
lines.

correspond to the mole fractions of 0.2 and 0.7,
respectively. As seen in Fig. 7, it is clear that the
series A is oxidized, and the chemical composition of
the series B is strongly oxidized, depending on the
heating temperature and time. When we heated the
series A at 200 or 300 °C for 15—20 h, then the products
were completely oxidized. At high temperatures,
the phase obtained by the complete oxidation of x=
1 should be pseudobrookite (Fe,TiO;), and the compo-
sitions in between Fe,TiO, and Fe,O, should be com-
posed of both hematite(Fe,O;) and pseudobrookite,
if the system is in an equilibrium state.

(5) The Identification of Phases in the Series A and B.
The X-ray powder diffraction method was adopted
to identify the phases present. Infrared spectros-
copy was also used to identify the presence of the
«-FeOOH phase. Some examples of the diffraction
patterns are shown in Fig. 8. Sample series A and B
have a spinel type structure irrespective of the oxida-
tion degree and of the Ti/Fe,,,, ratio.

Recently, Readman and O’Reilly!V) and Nishikawa
et al.1® have studied the magnetic properties of oxidized
(cation-deficient)  titanomagnetite (the Fe;OFe,-
TiO, solid solution which naturally occurs). They
have synthesized the oxidized titanomagnetite by
grinding the stoichiometric solid solution prepared
at high temperatures, and have determined the relation-
ships among the chemical composition, the magnetic
susceptibility, and lattice constant of the oxidized
titanomagnetite. However, it was very hard to obtain
any extremely oxidized titanomagnetite with relatively
large particles. Thus, the peak intensity of the powder
X-ray pattern was very weak, and some people!®
do not believe in the existence of the extremely oxi-
dized titanomagnetite. The particle size of the series
A and B ranges from 1000 to 2000 A,** and the peak
intensity is strong enough to determine the precise
lattice constant.

(6) The Relationship between the Lattice Constant and
the Oxidation Degree of the Spinel Type Solid Solution.
In this paper, we define the oxidation degree(OD) of

*% A =0.] nm.
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Fig. 8. The X-ray diffraction of the series A and B
with radiation of Fe Ko (Mn filtration). A: series A
with x=0. A’: Heated the sample A at 200 °C for
15h in air, B: series A with x=0.5, B’: Heated the
sample B at 200 °C for 15h, C: Series A with x=1I,
C’: Heated the sample C at 300 °C for 15 h.

each oxidized spinel type solid solution as follows:
OD=number of vacant sites/maximum number
of vacant sites when completely oxidized.
Table 1 shows the relationship between the mole
fraction of Fe,TiO, in the solid solution and the max-
imum number of the vacant sites when the stoichio-
metric solid solution was completely oxidized. The
lattice constants of completely oxidized samples are
also given in Table 1. As seen here, the lattice con-
stant is almost identical in spite of the different mole
fractions of Fe,TiO,. This fact was suggested qualita-
TaBLE 1. THE MAXIMUM NUMBER OF THE VACANT SITES,
IN THE SPINEL TYPE STRUCTURE OF THE COMPLETELY
oxmizep Fe,TiO,-Fe,O; SOLID SOLUTION (BASED ON
4 OXYGEN) AND THE LATTICE CONSTANTS MEASURED
N this stupy (A=0.1 nm)

Mole fraction of Max. number of Lattice constant/A

Fe,TiO,(=a) vacant site(=M) =0.001
0 0.333 8.342
0.200 0.391 8.344
0.235 0.401 8.345
0.348 0.433 8.342
0.500 0.474 8.344
0.512 0.477 8.345
0.695 0.524 8.345
0.700 0.526 8.343
0.782 0.547 8.344
1.000 0.600 8.345(+0.003)
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Fig. 9. The relationship between the lattice constant
of the seriess A and B and the oxidation degree.
Numbers mean the value x.

tively by Readman and O’Reilly.1® Figure 9 shows
the relationship between the oxidation degree of the
series B and the lattice constant. As seen here, the
lattice constant decreases gradually with increasing
the oxidation degree in each sample with the same
mole fraction of Fe,TiO,. The precise lattice constants
of the stoichiometric Fe,TiO,~Fe;O, solid solution
have been determined by Katsura et al.l¥ When we
extrapolate the present results to the stoichiometric

[Vol. 52, No. 1

composition (OD=0), all curves fit the points for the
stoichiometric solid solution.

The authers are greatly indebted to Drs. T. Nishi-
kawa of the University of Tokyo and T. Sugihara of
the Tokyo Institute of Technology for the cooperation
in completing this study.
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The Reaction and Reaction

Products of y¢(NH,,0.) Dicobalt Complexes with Nitrites'
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The IR spectroscopy of the p-amido-g-nitro complex, [(NH,,NO,){Co(NH,),},]Cl,-2H,O obtained from
normal and #O-labeled [(NH,,O,){Co(NH;),},](NO;), has revealed that the O atom in the Co-N-O-Co
chain comes from the O, bridge of the starting complex, whereas the O atom attached to the N atom from

outside the chain comes from the nitrite used in the bridge conversion, yO,—uNO,.
The reaction of [(NH,,0,){Co(NH;),};]X; with the

involving N,O, as the reacting species is proposed.

A reaction mechanism

nitrite in neutral solution gave a non-electrolytic u-hyperoxo dicobalt complex, [(NH,,O,)Co,(INH;),(NO,),]
(I). Treatment of I with perchloric acid gave a triple-bridged complex, [(NH,,NO,,0,)Co,(NH,),(NO,),]*,

which reproduces I when treated with sodium nitrite.

Dioxygen-bridged dicobalt complexes may be clas-
sified into two series, onc of which includes brown
u-peroxo complexes, and the other green u-hyperoxo
complexes. Both react with nitrite ion but the reac-
tion features are quite diverse depending on the nature
of the starting complex and the condition of the reaction.
In the case of [O,{Co(NH,);},]*+, in an acidic solution
there occurs reduction of the p-hyperoxo complex
(n=>5) to the u-peroxo complex (n=4) followed by
cleavage of the O, bridge and formation of the mono-
nuclear complex.) In the case of the ethylenediamine
analog [O,{Co(en),NH,},]"+, oxidation of the u-per-
oxo complex (n=4) to the u-hyperoxo complex (n=»5)
occurs in an acidic solution, whereas in a neutral
solution substitution of the ammine ligands by nitro
groups takes place.?

The double-bridged complex also reacts with the
nitrite ion, and in an acidic solution, conversion of
the O, bridge into the NO, bridge occurs without
any change on the NH, bridge:®

o NHa o NHa
Co Co — Co Co
N\ o, / \ noy”

The kinetic study of the reaction of the p-amido-
u-hyperoxo complex, [(NH,,0,){Co(en),},]%*, by
Edwards et al. suggested that reduction (#O,~—u0O,2")
and bridge conversion (#O,—>uNO,) should occur
successively.¥ The first part of the present paper is
concerned with the investigation into the reaction
mechanism of such bridge conversion (uO,—uNO,)
by the combined use of 8O-labeling and the IR study
of the reaction product.

The work on the reaction of the #-NH,-4-O, complex
with the nitrite ion in a neutral or a basic solution still
seems to be meager? especially with the ammine com-
plex. The remaining part of the present paper describes
the study of such a reaction and some new dicobalt
complexes obtained as the reaction product, one of

t Presented at the 29th Annual Meeting of the Chemical
Society of Japan, Hiroshima, Oct. 1973, and the 25th
Symposium on Coordination Chemistry, Tokyo, Oct. 1975.

ft  Present address: Department of Chemistry, Okayama
University of Science, 1-1 Ridaicho, Okayama 700.

which is a non-electrolytic u-amido-g#-hyperoxo complex.

Experimental

Materials. 18O, (18O atom %, =92) gas was obtained
commercialy from International Chemistry and Nuclear
Corp.

Analyses. Ammoniacal N was determined by titration

of ammonia after distillation from aqueous sodium hydroxide
with arsenic(ITI) oxide;» total N was determined similarly
except for use of Devarda’s alloy in place of arsenic(III)
oxide; Cl in perchlorate was determined as silver chloride
after decomposition of the sample with melted sodium
nitrite in a nickel crucible.® Other elements were analysed
by the standard methods.

Reaction and Preparation. 7. Preparation of 80-Sub-
stituted [(NH,,0,){Co(NH,)}s](NO;)y: This 180-labeled
dicobalt complex was prepared by the adaption of the
usual method”? by using a closed system: A 100-ml flask
containing 2.5 g of cobalt(II) nitrate hexahydrate, 15 ml of
water previously boiled and cooled under nitrogen, and a
magnetic bar coated with Teflon was connected to a vacuum
line. The flask was degassed by three freeze-pump cycles,
then filled with ca. 1 atm ammonia gas from cylinder con-
nected to the line. The content was stirred with a magnetic
stirrer until the blue precipitate which had once appeared
redissolved and the solution turned red. Although some
temperature rise was observed during the absorption of am-
monia, it was allowed to be, because absorption of too large
excess of ammonia by cooling is unfavorable for the succeed-
ing dioxygen-bridging reaction. After the supply of ammonia
gas was stopped the reaction flask was cooled in an ice
bath, and 100ml (N.T.P.) of *O, gas was introduced
into it via a Toeplar pump, and was allowed to be absorbed
by the solution for 3h. The mercury of the pump was
previously covered with liquid paraffine because it is easily
oxidised in the presence of ammonia. At this stage, black
crystals of [O,{Co(NH,)s},](NO,),; were precipitated. The
reaction mixture was exposed again to 1 atm ammonia gas,
and kept at 35°C for 2h to introduce the NH, bridge; ad-
dition of potassium hydroxide was omitted in this experiment
to minimize the contamination by normal oxygen. After
the reaction mixture was freezed, the flask was removed
from the vacuum line, and succeeding procedures were
carried out under air. Upon the freezed mixture, 3.5g of
ammonium cerium(IV) nitrate, 30 ml of nitric acid, and
50 g of ice was placed. The whole mixture was melted and
stirred. The precipitate was separated from the solution,



102 Shigckazu Kuso, Takashi SziBaAnARA, and Masayasu MORI

and purification via practically insoluble sulfate gave 380 mg
of 8O-substituted [(NH,,0,){Co(NH,),},](NOy),; in addi-
tion, 160 mg of ¥O-labeled [O,{Co(NH,);}.](NO;); was
obtained as a co-product in the course of the purification
of the former. The complexes were examined by the IR
spectroscopy.

2. Reaction of [(NHy, 80,) {Co(NH,)}2](NO;), with NOy~
in an Acidic Solution and Isolation of Product: The procedure
was modified from the method of Werner® owing to the
scantiness of the reactant complex available for the experi-
ment.

To a solution of 500 mg of sodium nitrite in 10ml of
water, 100 mg of the complex was added, and then 1.5 ml
of 14 M nitric acid was added dropwise with stirring. The
mixture was cooled in an ice bath, and the precipitated
orange p-amido-g-nitro dicobalt complex nitrate was filtered
with suction, washed with methanol, and dissolved in 1.5 ml
of 12 M hydrochloric acid. After filtration, 3 ml of ethanol
was added to it, and the mixture was cooled in an ice
bath. The precipitate (complex chloride) was filtered, and
recrystallized in the same manner. The product was washed
with ethanol, and dried by aeration; yield 70 mg.

The product with normal oxygen prepared by the same
procedure was submitted to chemical analysis; each product
obtained in the experiments with 180, and with normal
oxygen respectively gave the identical X-ray diffraction
pattern and IR spectrum except for the isotopic shift.
Found: Co, 23.81; N(total), 28.08; N(ammoniacal), 25.23;
Cl, 28.54; H, 6.02%. Calcd for [(NH,,NO,) {Co(NH,;),},]-
Cl;-2H,0: Co, 23.86; Nf(total), 28.35; N(ammoniacal),
25.52; Cl, 28.71; H, 6.219%,.

3. Reaction of p(NH,,0,) Complex with NH,NO, in a
Neutral Solution (Preparation of [( NH,,0,)Coy(NH,),(NO,y),]):
To 750 ml of 10% ammonium nitrite, 20g of [(NH,,0,)-
{Co(NH,),},]Na(ClO,), (prepared by the method in Ref.
7) was added with stirring, and the mixture was allowed
to stand at ca. 5°C in a refrigerator. From the next day,
1 g of ammonium persulfate was added every day until the
solution assumed a reddish orange color and no more
precipitate increased (It took c¢a. 20 days). The green
precipitate was filtered, washed with water and then with
acetone, and dried by aeration; yield 8 g.

The product obtained was insoluble in any solvents so
far examined, and could not be recrystallized by the usual
method. For the purification, the crude product was once
changed to [(NH,,NO,,0,)C0,(NH,),(NO,).]ClO,-0.5H,O
by the process described in the next section, and brought
back to the original compound by the following procedure:
To a solution of 1 g of the perchlorate dissolved in 130 ml
of water was added 10 ml of 109, aqueous sodium nitrite.
The mixture was allowed to stand in a refrigerator over-
night. The precipitate was filtered, washed with water and
then with acetone, dried by aeration, and kept over cal-
cium chloride. Green powder; yield 0.6g. Found: Co,
27.92; N(total), 29.66; N(ammoniacal), 16.319%,. Calcd for
[(NH,,0,)Co,(NH;)4(NO,),]: Co, 28.20; Nf(total), 30.16;
N(ammoniacal), 16.75%,.

4. Preparation of [(NH,,NO,,0,)Co,(NH,),(NO,),]CIO,-
0.5H,0: Six grams of the crude [(NH,,0,)Co,(NH,),-
(NO,)4] (described above) were added to 150 ml of ice-cold
perchloric acid (60%) and the mixture was stirred under
reduced pressure of aspirator for 2 h for dissolution. (With-
out reduced pressure it took longer time for dissolution
and decomposition to form by-products was more pro-
nounced.) The cold green solution was filtered with a sin-
tered-glass filter and added in small portions to 900 ml of
ether wihch had been cooled in an ice bath, care being
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taken to minimize the temperature rise. The flocky precip-
itate was filtered and washed with ether. After the
ether was eliminated with aeration, the product was washed
with two small portions of cold water and air dried. The
green material was dissolved in 150 ml of acetone and an
equal volume of ether was added to it. The mixture was
allowed to stand in an ice bath for ca. 1 h and the precip-
itate was filtered, washed with ether, and air-dried. Green
thin plates; yield 1.9g. Found: Co, 24.85; N(total), 23.16;
N(ammoniacal), 14.60; Cl, 7.45; H, 3.16%. Calcd for
[(NH,,NO,,0,)Co,(NH,),(NO,),]Cl0,-0.5H,0: Co, 24.53;
N(total), 23.32; N(ammoniacal), 14.58; Cl, 7.38; H, 3.14%,.

5. Preparation of [( NH,y,NO,,0,)Co,(NH,),(NO,),]Cl: To
a solution of 3 g of the perchlorate (described above) dis-
solved in 400 ml of water, 80 ml of 6 M hydrochloric acid
was added, and the mixture was cooled in an ice bath.
The precipitate was filtered, and washed with cold 2M
hydrochloric acid and then with acetone. The product
was dissolved in 700 ml of cold water, and 70ml of 6 M
hydrochloric acid was added. The precipitate was filtered,
washed with 0.5 M hydrochloric acid and then with acetone,
and dried by aeration. Green thin prisms; yield 1.6g.
Found: Co, 29.02; N(total), 26.96; N(ammoniacal), 17.02;
Cl, 8.81%,. Calcd for [(NH,,NO,,0,)Co,(NH,),(NO,),]CI:
Co, 28.93, Nftotal), 27.50; N(ammoniacal), 17.19; ClI,
8.70%.

6. Preparation of [(NH,,NO,,0,)Co,(NH, ) (NO,),]Br: To
a solution of 2 g of the perchlorate (described above) dis-
solved in 400 ml of water, 50 ml of 249, hydrobromic acid
was added, and the mixture was allowed to stand in an
ice bath. The precipitate was filtered, and washed with
cold water and then with acetone. The product was
recrystallized from the aqueous solution by addition of
hydrobromic acid and dried by aeration after filtration and
washing. Green needles; yield 1.7g. Found: Co, 26.20;
N(total), 24.30; N(ammoniacal), 15.37; Br, 17.69%,. Calcd
for [(NH,,NO,,0,)Co,(NH,),(NO,),]Br: Co, 26.08; N(total),
24.79; N(ammoniacal), 15.50; Br, 17.68%.

Apparatus. IR spectra were recorded with samples
in Nujol on a JASCO IR-E or IR-G spectrometer. Recording
of absorption spectra was carried out with a Hitachi 124
spectrometer, and that of reflectance spectra with the same
apparatus by use of an integration sphere attachment. ESR
spectra were recorded on a JEOL JES-3B spectrometer at
room temperature. Magnetic susceptibilities were determined
by the Faraday technique with a Shimadzu MB-2 balance.
Powder X-ray diffraction patterns were recorded on a Ri-
gaku 2171 diffractometer with the Ni Ko radiation.

Results and Discussion

IR Spectroscopy of '80-Labeled Complexes. 1. p-
(NH,,0,) Complex: 'The IR spectra of normal and
isotopically labeled [(NH,,0,){Co(NH;),},](NOy), in
the region of ca. 700—1200 cm-? are shown in Fig. I.
The fact that the labeled complex shows no peak cor-
responding to %0, stretching vibration proves that
there has been no shuffling of oxygen between O, and
H,O or NO,;~ in the formation process of the single-
bridged complex [Oy{Co(INH,);},]4+, as well as in the
transformation process to the double-bridged complex.
The possibility of scrambling of oxygen atoms among
the oxygen molecules and the O,-moieties of complex
ions also was excluded because a sample prepared by
using a mixture of 80, and %0, showed no peak of
180-160 stretching vibration.
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Fig. 1. IR spectra of [(NH,,0,){Co(NHj;),},](NO;),
(a) with 80-labeled O,-bridge and (b) with normal
O,-bridge.
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2. w(NH,,NO,) Complexes: Werner® reported two
hydrates of [(NH,,NO,){Co(NHj,),},]Cl,, one of which
was monohydrate crystallized from dilute hydro-
chloric acid and the other tetrahydrate crystallized
from aqueous solution containing some pyridine. The
IR spectrum and the X-ray powder pattern of the
180-labeled complex chloride prepared as described
showed that it was a third form; the chemical analysis
of the corresponding normal complex conformed to
the formula of dihydrate. The authors later knew
that this dihydrate was reported in 1975 by Huang
et al.® who crystallized it from 6 M hydrochloric acid.
Not only the IR peaks due to water of crystallization
the content of which is different in these three forms, but
also the IR peaks due to nitro bridge and ammonia
ligand showed slight differences in their frequency and
intensity, such differences in some cases being of com-
parable magnitude to those due to isotopic effect.
The variation in the IR spectrum owing to the difference
in the crystal form was noticed in this laboratory, with
[(NH,,0,){Co(NHj,),},](NOg)4.» Thus in the de-
tailed examination of IR spectra and especially in
the discussion of their isotopic shifts, one must make
sure of the identity of the number of crystal water or
the crystal form of the complexes compared.

The IR spectrum of [(NH,, NO,){Co(NHj),},] Cl, was
reported by Gatehouse!® although it is not clear which
type of the above three hydrates was examined. He
assumed an asymmetric structure of the nitro bridge
and assigned two strong IR peaks as shown below:
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=]
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E
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11.:92
1600 1400 1200 1000 800
Wave number/cm—1
Fig. 2. IR spectra of [(NHyNO,){Co(NH;),},]Cl,-

2H,0O prepared (a) from ?#O-labeled u(NH,,O,)
complex and (b) from normal complex.

Nakamoto et al.lV examined a similar nitro-bridged
compound [(NO,,OH,OH){Co(NH,);},]Cl, and made
the same sort of assignment.

The X-ray structural study of [(NH,,NO,){Co-
(NH;),}.]Cl;-4H,O by Thewalt and Marsh!® and
that of [(NH,,NO,){Co(NH,),},]Cl,-2H,0 by Huang
et al.®) both proved the correctness of the formula pos-
tulated by Gatehouse, and his assignment of the two
IR bands also seems to be a sound one.

The IR spectra of two samples of [(NH,NO,)-
{Co(NHj,),},]Cl,-2H,0, one derived from 180-substi-
tuted [(NH,,0,){Co(NHy),},](NO;), and the other
from the same complex with natural isotopic abundunce
are shown in Fig. 2, and relevant frequencies are
listed in Table 1. As the band in the normal u(NH,,
NO,) complex at 1180 cm~! which is assigned to the
vibration mainly consisting of the stretching of NO
bond in the Co-N-O-Co chain shifts to 1170 cm™!
in the 0O-labeled complex, the O atom in the Co-N-
O-Co chain is concluded to have come from the O,
bridge of the starting complex. On the other hand,
the O atom attached to the N atom from outside the
chain must have come from the nitrite ion since the

1 band at 1492 cm~! mainly attributable to the stretching
o O— of NO bond that makes the branch does not show
IHI—O ! o appreciable shift.
e AN J AN The above results bear some resemblance to the case
M M M M of nitrosation of aquapentaammine complex, and seems
1470 cm~? 1220 cm—1 to be equally explained by assuming N,O, as the
TasLe 1. IR rreEQuENcies oF [(NH,,NO,){Co(NHj,),}.]Cl,-2H,O 1N cm™*
45(NO3) d5(NHj,) 75(NO,) 6(NO,) pr(NH,)
180-enriched 1493 s 1350 m 1304 m 1170 s 1138 w 853 m 843 sh
1180 sh 879 sh
Normal oxygen 1492 s 1351 m 1305 m 1180 s 1146 w 879 w 843 m
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reacting species as!®

NH.
. NH2 N 7 2 N
Co Coc ——> ©Co 7 Co
*O —*O / \*OI *IO s
NN ﬁ ﬁ’-—o_
i L
RN ]
—_— Co Co + NO3
\B"Tf/
0

The new situation here is that the reaction seems to
occur more homolytically, and that the remaining
nitrite group is oxidized to a nitrate ion.

Although the #(NH,,OH) complex which is formed
by reduction of u#(NH,,O,) complex is also known to
react with the nitrite to form the #(NH,,NO,) complex,
such a reaction is reported to be very slow!® and
bridge conversion #O,—>uNO, through this path may
be excluded.

The IR spectra of the [(NH,,NO,){Co(en),},]Br,-
5H,O is somewhat more complicated, but the positions
and intensities of peaks assignable to NO, stretching
vibration (1492 and 1151 cm™1) are very similar to
those of the corresponding ammine complex and this
IR feature again is explicable only on the assumption
of a nitro bridge as shown by Gatehouse and by
Nakamoto et al. for ammine complexes. One of the
reasons which led Garbett and Gillard!® to assume a
nitrito bridge instead of a nitro bridge was the high
resistivity to acids, but our 180-labeled u-amido-x-
nitro-octaammine complex also showed high stability,
retaining 180 in the Co-N-O-Co chain even after two
cycles of recrystallization from hydrochloric acid. The
other reason on which they based their conclusion was
the formation of hydroxo complex ions on base hydro-
lysis, but nitro complexes also are known to form
hydroxo complexes on base hydrolysis.

Thus the general similarity of the behavior of the
ammine and the corresponding ethylenediamine com-
plex seems to be present also in the present case of the
reaction of the #(NH,;,0,) complex to form the #(NH,,
NO,) complex.

The IR absorption band due to the bending mode
of the coordinated nitro group and that due to the
rocking mode of ammonia ligand appears in the region
of 900—750 cm~1, and when both are present it is
difficult to discriminate them. On the basis of 180
isotope shift, the absorption at 879 cm=! could be
assigned to 6(NQO,) for [(NH,NO,){Co(NHj;),},]Cl,-
2H,0.

Reaction in Neutral or Basic Solutions. Treatment
of [(NH,,0,){Co(NH,),},]X; with an aqueous solu-
tion of ammonium nitrite followed by oxidation with
ammoniwm persulfate gave green powder of composi-
tion, Co,O,NH,(NH,),(NO;), (I). The ammonium
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nitrite was replaceable by an equimolar mixture of
sodium nitrite and ammonium salt, but not by sodium
nitrite alone, in which case the mixture turned red
showing decomposition.

The IR spectrum of the green product (Table 2)
indicated the existence of nitro ligands as well as am-
mine ligands and a peroxo bridge,® but no peaks
corresponding to a nitro bridge nor those corresponding
to a free nitrite ion were observable (¢f. the preceding
section). The compound is thus considered to be
[(NH2,02){CO(NH3)2(N02)2}2] or [(NH,,O,){CoNH,-
(NOy)3}{Co(NH,)sNO,}], and is the first example of

non-electrolytic u-hyperoxo dicobalt complex.

TABLE 2.

[(NH;,0,)Co,(NH,;)4(NO;),] (I) anp
[(NH;,NO,,0,)C0,(NHy)4(NO;),]X (II-X) 1N cm~*

IR ABSORPTION FREQUENCIES OF

I II-Cl10,- 1II-Cl II-Br Assignment
0.5H,0
3550 w »(OH)
3320} 3310} 3340} 3290}
3260+ s 3240t s 3330t s 3240} s »(NH)
3210 3170 3180 3160
1630 m 1630 m 1630 m 1627 m 025 (NH,)
1495 s 1495 s 1485 s Vas{(-NO,)
1410 s 1410 s 1410 s 1409 s 7,5(INO,)
1328 s 1335 s 1340 s 1334 s vs(NO,)
1275 s 1305 s 1317 s 1308 s 0s(NH,)
1280 m
1180 m 1190 s 1170 s vs(u-NO,)
1078 w 1078 m 1095 w »(u-O,)
1089 s »(ClO,)
996 w 1013 vw
853 w 857 w 849 w O(u-NO,)
822 m 820 s 8255 822 m
807 w o0:(NH;)
783 vw 780 w 773} w 788 w J(NO,)
759
L T T T 1

log {(1 —Rd)?/2Rd }/arbitrary scale

15 20

25

30

Wave number/10% cm—!
Fig. 3. Absorption spectrum of [(NH,,NO,,0,)Co,-
(NH;)4(NO,);1C1O, (in 0.5 M acetic acid, ——) and
diffuse reflectance spectrum of '[(NH,,0,)Co,(NH,),-
(NO,),] (in K,S0,, -——-).

35

)
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The presence of the amido bridge was inferred from
the consideration of the composition, balance of charge,
and the high stability of #(NH,,O,) dicobalt moiety
usually observed. The possibility of the formula
[(NH,,0,){Co(NO,),}{Co(NH,;),}] seems to be ex-
cluded from the consideration of the reaction with
perchloric acid (¢f. next section).

The electronic spectrum obtained from diffuse
reflectance measurement (Fig. 3) showed peaks of
comparable intensities at 15.8x10% cm=1 (dnCo®*-
a*(u0,7)) and at 22.3x10%cm=! (“1A,;,-1T,,”).1%
Such intensity relation is usually encountered when

[(NH,,07){Co(NH,), }2]**

Recaction of u(NH,,0,) Dicobalt Complexes with Nitrites 105

the ammine complex has a second bridge such as NH,
in addition to the hyperoxo bridge; in single-bridged
#-hyperoxo dicobalt ammine complexes the band at
ca. 15103 cm™ is distinctly more intense than that
at ca. 20103 cm=1.

Compound I can also be obtained in a somewhat
lower yield by the treatment of u-hyperoxo complexes
such as [(NH,,0,){Co(NH;),},]X, or [(NH,OH,
0,){Co(NH,);},]X,; with ammonium nitrite solution.
In this case oxidizing agent is unnecessary: Probably
the starting g-hyperoxo complex itself acts as an oxidiz-
ing agent as represented by the following scheme;

r

_—
o0

[(NH,,07)Coy(NH,)4(NO,),]* <«

That only the terminal ammine ligands are replaced
by nitro ligand and the O, bridge remains unattacked
in the reaction of [(NH,,O,){Co(INH,),}.]X; with the
nitrite in neutral solution is in the same line as the
similar reaction of [O,{CoNH,(en),},]X, which gave
[O,{CoNO,(en),},]X,.2> It indicates that the bridge
conversion, #Q,—>#NO, does not proceed through the
reaction of the peroxo bridge with the nitrite ion but
with some other chemical species present only in acidic
solutions of nitrites, such as N,O, as suggested in the
preceding section.

Reaction of [(NH,,0,)Cos( NH;),(NO,),| with Per-
chloric Acid. It has not been successful to find a
proper solvent of I which dissolves it without decom-
position. Sixty-percent perchloric acid dissolves it
with a loss of one nitrite group, the species in solution
being [(NHy,NO,,0,)Co,(NH,),(NO,),]* (II), which
can be isolated as the perchlorate by treatment with
ether.

The aqueous solution of II reacts with sodium nitrite
to reproduce I with a capture of one nitrite group.
These reactions are very peculiar and seem to deserve
closer studies. The structure of II was inferred from
the chemical analysis and IR spectra (Table 2) which
showed peaks assignable to a hyperoxo bridge, a nitro
bridge, terminal nitro ligands, and ammine ligands.
The amido bridge is considered to be present because
it is usually very resistant to acids, and also because
II reproduces I on treatment with sodium nitrite.
The formation of nitro bridge in 609, perchloric acid
in the reaction I—II again proves the stability of the
nitro bridge in acids.

The absorption spectrum of II-ClO, solution (Fig. 3)
showed peaks at 15.8x10®cm=1 (¢=320) (d=zCo3*-
a*(uO0,7)), 22.8X 103 cm=1 (“1A.4-1Ty,”), and 29.8 X
103 cm~! (specific band of nitro ligand).

Magnetic Properties. The magnetic susceptibility
measurements of I, II-ClO,-0.5H,0O, 1I-Cl, and II-Br
proved the existence of one unpaired electron in each
complex (Table 3).

The ESR spectrum of I in powder gave g=2.035,
and that of 1I-ClO, in solution exhibited a symmetrical
pattern at g=2.027 with well-resolved fifteen hyperfine

- from NO;
from below

[(NH;,057){Co(NHy)s }o]**

l No;

[(NH,,0:7) Coy(NH,),(NO,),] .

TABLE 3. MAGNETIC SUSCEPTIBILITIES OF
[(NH,,0,) Cop(NH,)4(NO,),] (I) anD
[(NH;,NO,,0;) Co, (NH,),(NO,);1X (II-X)

Complex ﬂeffa)/B. M.
I 1.60 (24.5°C)
11-Cl 1.88 (22.6°C)
{I-Br 1.83 (24.9°C)

11-Cl10,-0.5H,0 1.91 (24.5°C)

a) Corrected for diamagnetic susceptibilities of terminal
ligand, anion, and crystal water.

lines (Ag,=11.8) such as is observed with many p-
amido-u-hyperoxo dicobalt ammine complexes.1?)

The authors thank Mr. Kazuyoshi Kawashima for
his able assistance with some of the experimental
work. They are grateful also to Dr. Hanako Kobayashi
(Univ. of Kyoto) for her kind guidance on the measure-
ments of magnetic susceptibility, to Dr. Y6z6 Miura
for the ESR measurements, and to Mr. Junichi Go6da
for the elemental analyses.
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Structure of 5-Hydroxy-2-hydroxymethyl-4-pyridones

Kimiaki Imaruky,* Makoto IsHizaka,! and Hisashi MATsUMURA
Department of Chemisiry, Faculty of Science, Kumamoto University, Kurokami, Kumamoto 860
(Received September 8, 1977)

5-Hydroxy-2-hydroxymethyl-4-pyridone and its N-methyl, N-ethyl, and N-phenyl derivatives were prepared
from kojic acid. The UV spectra in neutral, acid, and alkaline solutions showed that the neutral species and
the conjugate acids existed in the pyridone and the pyridine form, respectively. The conjugate bases may
exist in both forms. The acid dissociation constants and the halochromism have been measured and discussed.

In the protonation of the 4-pyridone (A), structure
(B) represents the O-protonated form and (C) the N-
protonated form.

H H Ho H H
S G PG T
AR VA VA V%
OH OH O
(A) (B) B (G)

The theory of mesomerism predicts that the two catio-
nic forms of B, BB’ should be greatly stabilized
relative to type C, and their predominance has been
assumed. The similarity among the ultraviolet spectra
of the conjugate acids of 4-methoxypyridine, 1-methyl-
4-pyridone, and 4-pyridone was taken to support such
an assumption.). The NMR spectra also support
the structure of type B~B’.2:3 However, the infrared
and Raman spectra of these cations have been inter-
preted in favor of the structure of type C.4%

The structure of 5-hydroxy-2-hydroxymethyl-4-
pyridone in the acidic and alkaline solutions and the
halochromism of its N-substituted derivatives are
reported together with the acid dissociation constants.

Results and Discussion

Synthests. 5-Hydroxy - 2-hydroxymethyl-4-pyri-
done (IIa)® and its N-substituted derivatives (IIb?)
and IId) were obtained by the reaction of kojic acid
(I) with the corresponding amines, while the N-ethyl-
substituted compound (IIc) was prepared from I via
5-benzyloxy-2-hydroxymethyl-4-pyrone (III)® and 5-
benzyloxy-1-ethyl-2-hydroxymethyl-4-pyridone (IV). 2-
Hydroxymethyl-5-methoxy-4-pyridone (VIa)?) and its
N-substituted derivatives (VIb® and VIc) were ob-
tained from kojic acid methyl ether (V)% by the reac-
tion with the corresponding amines. The reaction of
ITa with diazomethane gave 3,4-dimethoxy-6-hydroxy-
methylpyridine (VII) in 339, yield.

Acid Dissociation Constants. The acid dissocia-
tion constants of 5-hydroxy-2-hydroxymethyl-4-

R a R—H
,O.CH,0H _N.,CH,0H b R—CH,
HO/”\/“ HO/”\/“ c R=GH,
1} 1} d R:Ph
o) o)
ty) (Im
AN T
AN C.H,
,O.CH,0H _N. CH,0H
] — (]
PhCH,0/\_/ PhCH,0/\_~
1] ]
! () (1)
R
| —
O+, CH,OH _N«,CH,OH a R=H
. /II | b R=CH,
ot ol ¢ x-oR
o) o)
V) (VI)
H
,N\I/cmou rNh,CH‘_.OH
.
HON/ CH,0N\/
¢ OCH,
(ITa) (VI
Scheme 1,

T Present address: Fundodai Shoyu Co., Ltd., Hokubu-machi, Houtaku-gun, Kumamoto 861-55.
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pyridones IIa—d were determined spectrophotometric-
ally in water at 25 °C. The results are summarized
in Table 1, where the pK, and pK, values represent
the acid dissociation exponent (pK.) of a neutral
compound and that of its conjugate acid, respectively.
The pK; values are comparable to the pK. values
for the conjugate acids of some 4-pyridones,'®!V) and
the pK, values to the pK. values for some 3-hydroxy-
4-pyrones.'® These values are increased by intro-
duction of an electron donative substitutent on the
nitrogen atom, but do not give a good Hammett
relationship.

Uv  Spectra. The UV spectral data of the
conjugate acids, neutral species, conjugate bases of
5-hydroxy-2-hydroxymethyl-4-pyridone (IIa) and its
N-substituted derivatives (IIb—d) and 2-hydroxymeth-
yl-5-methoxy-4-pyridone (VIa) and its N-substituted
derivatives (VIb and VIc) are summarized in Tables
2 and 3, respectively. The spectra of 5-hydroxy-2-

TaBLE 1. pK, VALUEs OF N-SUBSTITUTED 5-HYDROXY-
2-HYDROXYMETHYL-4-PYRIDONES
Compd N-Substituent pPK; pK,
ITa H 3.26
ITb CH, 3.37 9.18
IIc C,H; 3.31 8.97
IId Ph 2.64 8.82
5.0 ; .
4.0~ -
)
an = —
i)
3.0 -
2.0 | |
200 250 300
A/nm
Fig. 1. The UV spectra of the ncutral species.

—: Ila, —-—: IIb, ————: VIL
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hydroxymethyl-4-pyridone (IIa), the N-methyl deriva-
tive (IIb) and 3,4-dimethoxy-6-hydroxymethyl-pyridone
(VII) in water and M/10 hydrochloric acid are pre-
sented in Figs. 1 and 2 as examples. The spectra of
5-methoxy derivatives VIa and VIb are also presented
together with the spectra of VII in Figs. 3 and 4.

5.0 [ .
4.0~ =
«
W - 4
2
3.0 i
2.0 | 1
200 250 300
A/nm
Fig. 2. The UV spectra of the cationic species.
—: Ila, —.—: ITb, ———-: VII.
50 | -
4.0~ .
w
W -
2
3.0~ -
i\
W
2.0 ) |
00 250 300
A/nm
Fig. 3. The UV spectra of the neutral species.
——: VIa, —-—: VIb, -——-: VII.

TaABLE 2. UV SPECTRA OF N-SUBSTITUTED 5-HYDROXY-2HYDROXYMETHYL-4-PYRIDONES

Conjugate acid

Neutral species

Conjugate base

Compd  NUTH Kmax » max 5 Amax A e
nm (loge) cm™! nm (log &) cm~?! nm (log ¢) cm™!
Ila H 276 (3.70) 36230 278(3.90) 35970 298 (3.75) 33560 —2410
IIb CH, 281 (3.75) 35590 285 (4.08) 35090 312 (3.96) 32050 —3040
IIc C,H, 281(3.72) 35590 286 (4.08) 34970 312 (4.00) 32050 —2920
IId Ph 284 (3.92) 35210 290 (4.24) 34480 316 (4.10) 31650 —2830
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UV SPECTRA OF N-sUBSTITUTED 2-HYDROXY-
METHYL-3-METHOXY~4-PYRIDONES

TABLE 3.

Conjugate acid Neutral species

d N-Sub- —

Comp stituent  Apax (log ) 17 Amax 1 7
o8& cm™!  nm (log £) cm-!
VIa H 275(3.63) 36360 277(3.99) 36100
VIb CH, 275(3.70) 36360 278(4.04) 35970
Vic C.H; 281(3.72) 35590 285(4.11) 35090
5.0 I T
4.0 -
w
g T i
3.0 -
20 | |
200 250 300

A/nm

Fig. 4. The UV spectra of the cationic species.
——: VIa, —-—: VIb, -——: VIL

It may be seen from Figs. 1 and 3 that the spectra
of the neutral species of Ila and VIa are similar to those
of IIb and VIb, but are different from the spectrum
of VII, indicating that the 4-pyridones exist predomi-
nantly in the NH-form.

As Figs. 2 and 4 illustrate, the spectra of the conjugate
acids of 5-hydroxy-4-pyridones IIa and IIb and 5-
methoxy-4-pyridones VIa and VIb are very similar
to the spectrum of the conjugate acid of VII. This
shows that the protonation of the 4-pyridones occurs
at the oxygen atom at the 4-position in agreement with
Katritzky and Lagowski’s results.V)

The NMR spectral data were also examined. In
deuterium oxide, the positions of the peaks of the -
and B-protons of VIa (7.61 and 6.52 ppm) are con-
siderably different from those of VII (7.93 and 7.00
ppm), while in 209, sulfuric acid those of VIa (8.72 and
7.30 ppm) are close to those of VII (8.31 and 7.57
ppm). This indicates the O-protonation to be in
agreement with the results of Katritzky et al.2:3)

The UV spectra of the conjugate bases of the 4-
pyridones IIa and IIb are shown in Fig. 5 together
with that of the neutral species of VII. As shown in
Fig. 5 and Table 2, the maximum absorption band
of Ila is shifted to a shorter wavelength from those of
the N-substituted 4-pyridones. The spectral pattern is
also different from those of the N-substituted deriva-
tives, in that a broad shoulder exists at 270—280 nm.
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50 , .

loge
—

3.0

2.0

| |
200 250 300 350
A/nm

Fig. 5. The UV spectra of the anionic specics.
——: ITla, —+—: IIb, ————: VII (neutral).

This shoulder closely corresponds to the maximum
absorption band of the pyridine derivative VII. Thus,
ITa might exist not only in the pyridone form but also
in the pyridine form.

Halochromism. Rapoport et al.'® measured the
absorption spectra of 4-substituted 2-nitrophenols in
neutral and alkaline solutions, and showed that the
difference in wave number between the maxima
of the longest-wavelength absorption bands in the two
solutions is quantitatively related to the dissociation
constant. The wave number shift is also propor-
tional to the Hammett substituent constant. This
phenomenon of halochromism is well documented and
the degree of halochromism of a compound may be
defined as the wave number difference (A7) between
the longest-wavelength band of the neutral species
and that of its conjugate acid or base.

The A% values (Table 2) of the 4-pyridones plotted
against the pK. (=pK,) values, produces a straight
line as shown in Fig. 6, giving the following equation
by the least-square method.

A5 = —583pK, — 2311  (r=1.000, s=1I)
The slope was comparable to that reported for the
phenols.13)

—3200 ’; T T T

—3000|

T

Apjcm1

— 2800

86 88 9.9 53 9.4
pK;
Fig. 6. The relationship between As and pKj,.
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Experimental

All the melting points were measured on a Yanagimoto
micro-melting point apparatus and are uncorrected. The
IR and NMR spectra were taken on JASCO IRA-]
spectrophotometer and a Hitachi-Perkin-Elmer R-24 (60
MHz) spcctrometer, respectively. The UV spectra were
recorded on a Hitachi EPS-2U and EPS-3T spectropho-
tometer. The pH values were measured by a Hitachi-
Horiba F-5 pH meter. The pK, determination was
conducted according to Albert-Serjeant’s method.d

Materials. All the known compounds were prepared
according to the methods described in the references: IIa,
mp 232—234 °C (1it,» 237—238 °C); IIb, mp 220 °C (lit,?
225—227 °C); III, mp 132 °C (lit,» 133 °C); V, mp 165—
166 °C (lit,» 165 °C); VIa, mp 170°C (lit,» 173—175 °C);
VIb, mp 203—205 °C (lit,» 203—204 °C).

5-Benzyloxy-1-ethyl-2-hydroxymethyl-4-pyridone  (IV ). A
mixture of 5-benzyloxy-2-hydroxymethyl-4-pyrone(III)® (2 g)
and 709% cthylamine solution (4ml) was heated in a
sealed tube at 130°C for 5h. The cxcess amine was
cvaporated off and the residue recrystallized from meth-
anol to afford IV (1.8 g, 80.6%) as colorless needles, mp
183 °C. TFound: C, 69.25; H, 6.87; N, 5.329%,. Calcd for
C,;H;;NO,: C, 69.48; H, 6.61; N, 5.409%. IR (KBr):
1620 cm~t. UV (MeOH) Anax/nm (logs): 225 (4.35), 286
(4.16).

1-Ethyl-5-hydroxy-2-hydroxymethyl-4-pyridone  (Ilc). A
mixture of 5-benzyloxy-l-ethyl-2-hydroxymethyl-4-pyridone
(IV) (2g) and 5% palladium carbon (0.8g) in methanol
(20 ml) was stirred for 2h at room temperature under a
hydrogen atmosphere. After removal of the catalyst the
solvent was evaporated off and the residue recrystallized
from ethanol to afford IIc (0.9g, 69.0%) as colorless
needles, mp 187 °C. Found: C, 56.68; H, 6.67; N, 8.189,.
Calcd for CgH,,NO,: G, 56.79; H, 6.55; N, 8.289,. IR

(KBr): 1640cm-t UV (MeOH) Aip.x/nm (loge): 226
(4.22), 290 (4.10).
5-Hydroxy-2-hydroxymethyl-1-phenyl-4-pyridone (IId). A

mixture of kojic acid (I) (1.5 g) and aniline (2 ml) in water
(5ml) was heated on a water-bath in the presence of
12M hydrochloric acid (0.7 ml) in a sealed tube for 3 h.
Water was added to the reaction mixture, which gave a
red-brown precipitate. This precipitate was recrystallized
from methanol to afford IId (0.85g, 37.19) as colorless
needles, mp 238 °C. Found: G, 66.00; H, 5.33; N, 6.449,.
Calcd for C,H;;NO,: C, 66.35; H, 5.10; N, 6.45%,. IR

(KBr): 1645cm™*. UV (MeOH) Am.x/nm (loge): 292
(4.24).

7-Ethyl-2-hydroxymethyl-5-methoxy-4-pyridone  (VIc). 2-
Hydroxymethyl-5-methoxy-4-pyrone (V)" (1.5g) was

heated with 709, ethylamine solution (3ml) in a sealed
tube at 140°C for 4h. After evaporation of the excess

[Vol. 52, No. 1

amine and water, the residue was recrystallized from
methanol to give VIc (1.6 g, 90.9%) as colorless needles,

mp 177°C. Found: C, 58.93; H, 7.22; N, 7.81%,. Calcd
for C,H,,NO,: C, 59.00; H, 7.15; N, 7.65%. IR (KBr):
1635 cm=t. UV (MeOH) A,.x/nm (loge): 224 (4.21),
287 (4.13).

3,4-Dimethoxy-6-hydroxymethylpyridine (VII). An excess

of diazomethane in cther was added to a solution of 5-
hydroxy-2-hydroxymethyl-4-pyridone (IIa) (1 g) in methanol
(600 ml), and the mixture allowed to stand in a refrigerator
until the purple color with iron(III) chloride disappeared.
After evaporation of the solvents, the residue was recrystallized
from ethanol and sublimed to afford VII (0.4g, 33%) as
colorless needles, mp 121—122°C. Found: C, 56.61; H,
6.55; N, 8.20%. Calcd for CgH,;NO;: C, 56.79; H, 6.55;
N, 8.28%. IR (KBr): 1595 cm=t. UV (MeOH) i,,x/nm
(loge): 234 (3.77), 274 (3.44). NMR (CDCL): 3.90 (s,
6H), 4.66 (s, 2H), 6.91 (1H), 7.97 (s, 1H).

We wish to thank Professor Satoru Yokota of
Kumamoto Institute of Technology for the supply
of kojic acid.
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Substituent Effects on 6-Substituted 3-Hydroxy-1-methyl-4-pyridones
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(Received September 10, 1977)

Acid dissociation constants and UV and NMR spectra of a series of 6-substituted 3-hydroxy-1-mecthyl-4-
pyridones have been measured. The acid dissociation constants have been analyzed in terms of the Hammett
cquation to give linear relationships, with p=1.16 for the conjugate acids and p=1.06 for the neutral com-

pounds.

Halochromism in the UV spectra gave the equation: A7=689 pK, —9399, and the Hammett plots

of the chemical shifts of the 2-H, 5-H, and CH, protons gave linear relationships, with 0=1.78, 2.56, and

1.39, respectively.

In 1967 Choux and Benoit) reported the substi-
tuent effects on the physical properties such as the
acid dissociation constants and UV and NMR spectra
of 4-pyrone derivatives. However, little is known about
the 4-pyridone derivatives. The substituent effect
on tautomerism of 6-substituted 3-methoxy-4-pyri-
dones has been examined and it has been reported that
the tautomeric ratios are affected by the substituents.?

In this paper the substituent effects on the acid
dissociation constants and UV and NMR spectra of
6-substituted 3-hydroxyl-1-methyl-4-pyridones will be
reported in which tautomerism does not exist.

Results and Discussion

Acid Dissociation Constanis. The acid dissociation
constants of five 6-substituted 3-hydroxy-1-methyl-
4-pyridones have been determined spectrophotometric-
ally in water at 25 °C. The results are summarized
in Table 1, where the pK, and pK,; values represent
the acid dissociation exponent (pK,) of a neutral com-
pound and that of its conjugate acid, respectively.
The pK, values are comparable to the pK, values for
4-pyridone (3.37)®» and N-methyl-4-pyridone (3.33).9
The pK, values are slightly larger than the pK, values
for the 3-hydroxy-4-pyrones,)) i.e. the 3-hydroxy-1-
methyl-4-pyridones are less acidic than the 3-hydroxy-
4-pyrones.

A correlarion between pK, and the Hammett o,
constants® has been established for the 6-substituted
3-hydroxyl-1-methyl-4-pyridones, as shown in Fig. 1,

TaBLE 1. pK, VALUEs
No.®») R g 1781 PK,
1 CH, —0.170 3.43 9.29
2 H 0 3.07 9.15
3 CH,OH 0.08v 3.07 9.07
4 COO- 0.132 9.03
5 CH,CI 0.184 3.02 8-88
a) Numbers correspond to those in Fig. 1. b) Ref. 1.

t Present address: Prefectural Office

Hiroshima 730.

of Hiroshima,

and gives the following equation by the least-squares
method:

pK, = 9.13 — 1.06¢ (r=0.969, 5=0.03)

The reaction constant (p=1.06) is apparently smaller
than that for the proton loss of 6-substituted 3-methoxy-
4-pyridones (p =4.94).2 In the latter case tautomerism
produces the 4-pyridinols but since tautomerism does
not exist in the former, transmission of the substituent
effect is decreased.

9.6 T T T T T

9.4~ -

pK,

9.0~

8.8

86 | ! I ! L

Fig. 1. The Hammett plot of pK, values.

The Hammett plots of the pX, values gave the equation:
pK, = 3.17 — 1.16¢ (r=0.860, s=0.06)

Although the correlation is not good, the transmission
of the substituent effect is enhanced by the existence
of a conjugated double bond, but is considerably
smaller than that in the 3-methoxy-4-pyridones (o=
3.01).»

Halochromism in UV Spectra. The UV spectra
of the 6-substituted 3-hydroxy-1l-methyl-4-pyridones
have been measured in neutral and alkaline solutions.
The wavelengths and wave numbers are listed in Table
2 as Ay, and 7y, for the neutral species and 1,- and
7,- for the conjugate bases, respectively. The A%
values are the differences between the 7,- and 7y,
values.

A general relationship between the electronic spectra
and dissociation constants has been established for
4-substituted 2-nitrophenols.®) Plots of the AP values
against pK, (=pK,) values give a linear relationship as
shown in Fig. 2, which is represented by the following
equation.

Ay = 689 pK, — 9399 (r=0.959, s=31)
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TABLE 2,

UV SPECTRAL DATA

[Vol. 52, No. 1

Neutral species

Conjugate base

No.®» R ] - - 1 s ™ v
HA VHA A~ A~ cm—1
nm cm—! log exa nm cm™! loges-

1 CH, 278 35970 4.08 304 32890 3.96 —3080
2 H 282 35460 4.12 309 32360 3.97 —3100
3 CH,OH 283 35340 4.11 311 32150 3.99 —3190
4 COO— 284 35210 4.04 312 32050 3.90 —3160
5 CH,Cl1 283 35340 4.00 312 32050 3.89 -3290

a) Numbers correspond to those in Fig. 2.

TaBLE 3. NMR SPECTRAL DATA

0
No.» R s
2-H 5-H 1-CH, Others
1 CH, 7.43(s) 6.40(s) 3.61(s) 2.30(s) for 6-CH,
2 H 7.59(d)» 6.58(d)® 3.82(s) 7.58 (dd)® for 6-H
3 CH,OH 7.71(s) 6.80(s) 3.89(s) e)
4 COOH 7.88(s) 7.13(s) 3.98(s)
5 CH,ClI 8.11(s) 7.31(s) 4.14(s) e)
a) Numbers correspond to those in Fig. 3. b) [, s=3Hz. c¢) J;.,4=7Hz. d) J;..=3Hz and J5,;=7Hz. ¢)

The & values for 6-CH,OH and 6-CH,CI could not be measured accurately because of overlapping with the

signal of HOD.

I T i T

—3000— —
o L -
|
=
N
w ~3200~ -
<

—3400, { 1 | 1

pK;
Fig. 2. The relationship between A and pK,.

NMR Spectra. The H-NMR spectral data in
deuterium oxide are listed in Table 3. The chemical
shifts of 3-OH could not be determined becasue of
hydrogen exchange with deuterium in the solvent. The
chemical shifts of 2-H, 5-H, and 1-CH; have been
plotted against the respective ¢, constants (Fig. 3).
The plots have yielded the following equations.

.y = 1.780 + 7.66 (r=0.937, s=0.05)

05y = 2.560 + 6.73 (r=0.939, s=0.11)

dcu, = 1.39¢ + 3.83 (r=0.977, s=0.03)
From this data the substituents have a stronger effect
on the chemical shifts of the 5-H proton than on that
of the 2-H proton. The chemical shifts of the 1-CH,
are less sensitive to the substituent effects than those
of the 2-H and 5-H protons. Transmission of the

substituent effects was apparently larger than for the
4-pyrones.t)

’7 T T T T T
8.0} .
70/~ N
“©
6.0 -
L A
40 =5 -
L 2 3 ]
1
| 1 { [ 1
30 —0z 0 0.2

Fig. 3. The relationships of the chemical shifts with
g constants. O: Oy, O: 05w, O: dom,.

Experimental

All the melting points were measured on a Yanagimoto
micro-melting point apparatus and are uncorrected. The
IR, UV, and NMR spectra were taken on JASCO IRA-1,
Hitachi EPS-3T, and Hitachi-Perkin-Elmer R-24 (60 MHz)
spectrometers, respectively. The pH values were measured
by a Hitachi-Horiba F-5 pH meter. The pK, values were
obtained by the method of Albert and Serjeant.?

Materials. All the known compounds were prepared
from kojic acid according to the methods in the literature:
3-hydroxy-1-methyl-4-pyridone, mp 215—217 °C (1it,» 212—
216 °C); 1,2-dimethyl-5-hydroxy-4-pyridone, mp 270—274 °C
(lit,» 273—274 °C); 5-hydroxy-2-hydroxymethyl-1-methyl-4-



January, 1979]

pyridone, mp 220 °C (1it,» 225—227 °C).

2-Chloromethyl-5-hydroxy-1-methyl-4-pyridone was obtained by
the treatment of 5-hydroxy-2-hydroxymethxl-1-methyl-4-
pyridone® (1.0 g) with thionyl chloride (4.0ml) at 60—
70°C for 30 min. Yield, 0.38 g (34.0%); mp 220—230 °C
(from methanol-ethyl acetate); IR (KBr): 1628 cm™2
Found: C, 48.36; H, 4.87; N, 8.06%. Calcd for C,H,-
CINO,: G, 48.43; H, 4.64; N, 8.079%,.

2-Carboxy-5-hydroxy-1-methyl-4-pyridone was obtained by reac-
tion of comenic acid (1.1 g) with 489 methylamine solu-
tion (2.5 g) at 60—80°C for 4h. Yield, 0.28¢g (23.5%);
mp 224—230°C (dec) (from water); IR (KBr): 1630,
1607 cm™. Found: C, 49.68; H, 4.37; N, 8.27%. Calcd
for CG;H,NO,: C, 49.71; H, 4.17; N, 8.289%,.

The authors are grateful to Professor Satoru Yokota
of Kumamoto Institute of Technology for the supply
of kojic acid.
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Odor and Volatile Compounds in Liquid Swine Manure. III.
Volatile and Odorous Components in Anaerobically
or Aerobically Digested Liquid Swine Manure
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Volatile and odorous components were isolated from anaerobically or aerobically digested liquid swine

manure by direct solvent-extraction and flash-distillation under reduced pressure.

The concentrations of indole,

oxindole, dimethylsulfoxide, phenol, and a few carboxylic acids increased, and o-aminoacetophenone decreased

during digestion.
mixing phenols and carboxylic acids.
acids.

Research on malodor has attracted only few re-
scarchers in contrast to studies concerned with flavor
and perfume, and therefore, it is retarded. In Japan
a piggery is one of the most malodor-evolving sources.
Measurements have been carried out for ammonia,
trimethylamine, hydrogen sulfide, methyl mercaptan,
dimethyl sulfide, etc. which are controlled by the
Japanese law on malodor, but there are only a few
studies that have investigated other compounds or
have considered the nature of the malodor. In research
on malodor, it is very important and difficult to isolate
odorous substances from samples effectively. Broadly
speaking, there are three malodor-evolving sources in
a piggery, that is, pig itself, solid manure, and liquid
manure. A series of past studies have been concerned
with liquid manure which had accumulated, rotted,
and evolved a strong malodor.1+2

Carboxylic acids and many other compounds have
already been detected in liquid swine manure by steam
distillation.1»® It may be true that some substances
decompose thermally during steam distillation, although
it is a very useful method to separate volatile compounds
from nonvolatiles. In this study direct solvent-extrac-
tion and flash-distillation under reduced pressure were
used for isolation of odorous compounds in order to
avoid thermal decomposition.

This paper deals with the isolation and the identifica-
tion of odorous compounds having a medium or high
boiling point in liquid swine manure and with the
change of these odorous compounds under anaerobic
or aerobic digestion.

Experimental

Material and Procedure. Liquid swine manure was col-
Icted from a drain under pigsties near Takezono, Tsukuba
New Town, Ibaraki Prefecture, at an inlet of a pit.

Two experiments were carried out. In the first experi-
ment the air-flow rate was adjusted so that liquid manure
was not digested completely in order that information on
intermediate changes of some components due to chemical
or microbial action was obtained. An aim of the second
experiment was to obtain information on the relative ratio
of typical odorous components between anaerobic digestion
and completely aerobic digestion. The latter experimental

Alkaline components were not so important for the odor.
Complete aeration resulted in a remarkable decrease of lower carboxylic

Offensive odor was formed by

conditions were similar to situation of odor control for liquid
manure in pigsty.

In the first experiment the liquid swine manurc was
divided into three parts. One part (2.51) was shaken with
dichloromethane (400 ml) for 15 min and the lower slurry
containing the organic layer was separated. The other
two parts (each 2.51) were digested at 35°C for a week
under bubbling of nitrogen (100 ml/min) or air (100 ml/
min) respectively. Then the respective digested liquid
manure was shaken with dichloromethane (400 ml) for 15
min, and the lower slurry was separated. Each slurry was
centrifuged at 10000 rpm for 10 min and the organic layer
was separated. The extract was fractionated into three
fractions as described in Fig. 1.

Extracted Solution

1.2M HCt (30 ml)
Aq, Layer(————‘—ﬁorg. Layer
5% NaOH

(90 ml)
Aq. Layer  Org. Layer

10% NaOH
N ‘LZ.AM HCt J/

Alkaline Acidic Neutral
Fraction Fraction Fraction

Tig. 1. Fractionation of liquid swine manure cxtract.
In the second experiment the liquid swine manure was
divided into two parts. One part (501) was kept in glass
bottles and digested at 20—25 °C for a week. The liquid
manure became dark green and the surface was covered
with a black formy film after a day, so the manure cor-
responded to anaerobic digestion. In the case of anaerobic
digestion an inert gas such as nitrogen was not passed,
when the experimental conditions approached the same
situation where piggery liquid manure was stored in an
anaerobic situation. The other part (each time 21, total
181) was aerobically digested by bubbling air at a rate of
21/min in a glass vesel at 20—25 °C for a week and then,
malodor became very weak. Both parts of the rotten swine
manure were flash-distilled under reduced pressure by means
of the apparatus shown in Fig. 2. The receiver was chilled
with ice, the two traps were cooled with Dry Ice and
methanol to condense water vapor and volatiles completely,
and the third trap chilled with liquid nitrogen was used
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Fig. 2. Apparatus for flash-distillation under reduced
prssure.
a, Water-bath; b, magnetic stirrer; c, funnel; d,
Graham condenser; e, receiver; f, trap.

to prevent contamination from oil of the vacuum pump,
The distillate was extracted continuously for 24h with
ethyl cther after saturation with sodium chloride. The
extract was {ractionated into three fractions as shown in
Fig. 1.

Each fraction in both cxperiments was cvaporated, after
drying with anhydrous sodium sulfate, by means of a
Kvrderna-Danish concentrator under atmospheric pressure.

Gas Chromatography. A Shimadzu Model GC-5A gas
chromatograph was used. The flame detectors were operated
using a hydrogen-flow rate of 50 mljmin and an air-flow
rate of 0.51/min. Thermoconductivity detectors were used
for the organoleptic tests. For the acidic fraction the gas-
chromatographic conditions were as follows: injector and
detector temperatures, 250 °C; column, 3mx3mm id.
glass column packed with 2% DEGS+0.5% H,;PO, on
60- to 80-mesh, acid-washed, DMCS-treated Chromosorb
W; column temperatures, 50 to 190 °C by an increase at
a rate of 8°C/min; carrier-gas (nitrogen) flow rate, 30
ml/min at 5kg/cm?.  For alkaline and neutral fractions the
gas-chromatographic conditions were as follows: injector and
detector temperatures, 300 °C; column, 3 m X 3 mm i.d. glass
column packed with 29 OV-17 on 60- to 80-mesh, acid-
washed, DMCS-treated Chromosorb W; column tempera-
tures, 100 to 250 °C with temperature increase of 10 °C/min;
carrier-gas (nitrogen) flow rate, 30 ml/min at 5 kg/cm?2.

Organoleptic Test for Odor. This test was carried out
by means of smelling the odor of compounds progressively
eluted from the outlet of the gas chromatograph.

Mass Spectrometry. A JEOL Model JMS-D 100 mass
spectrometer was connected with a JEOL JGC-20K gas
chromatograph and a JEOL JMA-2000 mass data analysis
system. The gas-chromatographic conditions were the same
as above except for the size of the column. The size of
the column was 3mXx2mm id. The mass-spectrometric
conditions were as follows: ion-source temperature, 140 °C;
ion-source pressure, 1.2 X 10-¢ Torr; ionizing corrent, 3 x 10-4
Aj ionizing energy, 75eV; accelerating voltage, 3kV; mass
range, m/e 10 to 450; scan time, 2.7s; scan interval, 5s.
The mass data analysis procedures were subtraction of the
background mass spectra, normalization by the most intense
peak, and a search of mass spectra catalogue.

Results and Discussion

Digested liquid swine manure gave a pH of 8—9
regardless of anaerobic or aerobic digestion. The odors
from digested liquid manure under anaerobic and
aerobic conditions were very different each other.
Though sulfur-containing compounds would be as-
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sumed to contribute to the difference of odor, studies
on sulfur-containing components are in progress and
the results will be reported at a later date. Many
odorous compounds were isolated and identified from
anaerobically stored piggery liquid manure by steam
distillation,’»® but the odor of the steam-distillate has
been different from the original odor. The reason
for this is that some compounds are thought to decom-
pose during steam distillation. A direct extraction has
the benefit of minimizing those losses and decomposition
and to keep the content ratio of many components
identical to the original manure. Centrifuging above
5000 rpm was very effective for separating the organic
layer of the slurry formed by shaking liquid manure
with dichloromethane. The odor of the organic layer
resembled that of the original manure. Typical gas
chromatograms of fractions in the first experiment are
shown in Fig. 3 to Fig. 5. The identification of each
peak in the gas chromatogram was carried out by gas
chromatography-mass spectrometry and the quantifi-
cation was done by gas chromatography. The results
of identification and quantification of the components
related to the odor are shown in Table 1. In perform-
ing fractionation, removal of the alkaline fraction did
not change the odor of the extracted solution, but
removal of the neutral or acidic fraction, particularly
the latter fraction, greatly altered the odor. The
organoleptic test showed that the alkaline fraction did
not contribute so much to the odor of swine liquid
manure. Of course, ammonia and trimethylamine
play an important role on the malodor,® but they
cannot be detected by the method used in this study.

Indole and di-2-ethylhexyl phthalate decomposed
easily, and skatole decomposed slowly under aerobic
conditions. Indole concentration increased but for
skatole the concentration hardly changed under anaer-
obic conditions. The results show that indole was
formed from protein or its decomposed products under
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(A), Raw liquid swine manure;
digested liquid swine manure.

Gas chromatograms of neutral fractions.
(B), aerobically

anaerobic conditions and agreed with the results report-
ed by Spoelstra.) Oxindole may be supposed to be
formed from indole by microbial action. Dimethylsul-
fide may also be supposed to change to dimethylsulf-
oxide. Indole, skatole, and dimethylsulfoxide were
malodorous among neutral components.

In alkaline fraction, aniline, methylquinazoline, di-
methyl- or ethylquinazoline, isatin, and o-aminoaceto-
phenone were detected. Quinazoline derivatives and
isatin were assumed to be formed during aerobic
digestion. o-Aminoacetophenone which existed in
relatively large quantities at first decreased in the same
way for both digestion conditions. The odor qualities
of aniline, quinazoline derivatives, and oc-aminoaceto-
phenone were significantly less than the odor qualities
of other components.

It has been reported that concentrations of phenol,

Peak

Raw  Anaerobic Aerobic

No, Compound wyl  wifl wi/l
1 Aniline 8.2ug 16 pg 15 pg
2  o-Aminoacetophenone 294 ug 20 ug 30 ug
3 Methylquinazoline — trace 16 pg
4 Dimethyl- or — — 4.8 g
ethylquinazoline
5 TIsatin — — 3.0pg
6 Acetic acid — 1.3ug 2.6pg
7 Isobutyric acid — 5.2ug  5.6pg
8 Butyric acid — 8.4ug  5.2pug
9 TIsovaleric acid 28 pug 28 pg 16 pg
10 Dimethylsulfoxide 3.8ug 32ug 17 ug
11 Valeric acid 3.2ug 4.8pug  1.9pg
12 Hexanoic acid 6.4pug 9.2ug 6.0pg
13 Phenol 1.23mg 2.5mg 0.44mg
14 p-Cresol 28.4 mg 26 mg 16 mg
15 p-Ethylphenol 2.22mg 2.22mg 2.08 mg
16 Benzoic acid 63 ug 39 ug 48 pg
17 Phenylacetic acid 50 pug 42 ug 45 pg
18 3-Phenylpropionic acid 48 ug 27 pg 10 pg
19 Oxindole — 4l ug 7.6 pg
20 o-Methoxyphenol 4.1 pug — —
21 Indole 0.87mg 1.683mg trace
22 Skatole 2.05mg 1.89mg 1.46mg
23 Di-2-ethylhexyl 0.24mg 0.14mg 0.06 mg
phthalate

a) These values are not corrected with extraction coef-
ficients.

p-cresol, and p-ethylphenol have increased in anaero-
bically stored piggery wastes.¥ The change of phenol
in this study was identical with the above result. Acetic
acid, isobutyric acid, and butyric acid were not detect-
ed in raw manure, but they were found at almost the
same concentrations in both anaerobically and aerobic-
ally digested manure. In this experiment there was
little difference in contents of carboxylic acids among
raw, anaerobically digested, and aerobically digested
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manures. MocGill and Jackson® reported the content
ratio of carboxylic acids in pig slurry filtrates that
showed acetic acid as a major component (65.5%).
This experiment gave different results, but an exact
comparison was not possible since the above study®
did not report quantitative values, but relative values.
In this experiment the acidic fraction did not have an
irritating odor such as acetic acid and propionic acid,
but had a sweaty and putrid odor. This odor was
a little different from the odor of each carboxylic acid
such as butyric or isovaleric acid and phenol. The
organoleptic test showed that C,—C; carboxylic acids
and phenylacetic acid were malodorous and that
phenols had a characteristic odor. However, an of-
fensive odor was strengthened by mixing carboxylic
acids and phenols and phenols added an adhensive
nature to the total odor.

Strong aeration used in the second experiment is
one of the most useful methods for deodorization.
Strong malodor from liquid manure almost disap-
peared and the odor attributed to skatole remained
when air was passed at a rate of 21/min for a week.
A complete digestion under anaerobic conditions needs
more than two months.) Gas-chromatographic anal-
ysis is facilitated by removing nonvolatile substances
from sample. Therefore, a distillation method is very
convenient, but steam distillation is not so good for
this purpose. Distillation under reduced pressure,
although it would be expected to be a useful method,
was unsuccessful because of the violent frothing of the
sample. In such a case flash-distillation under reduced
pressure is very valuable and it was used successfully in
this experiment. This method is suitable for isolating
relatively volatile compounds, although it is time con-
suming. Continuous extraction with ethyl ether was
used in order to avoid an accumulation of impurities
from the large volume of solvent.

The gas chromatograms of each fraction were es-
sentially identical. Each peak in the gas chromato-
grams was assigned by gas chromatography-mass
spectrometry. The quantifications of fractions were
carried out by gas chromatography and their results
are shown in Table 2. The quantities of alkaline
components did not change so much. The odor of
anaerobically stored manure was attributed to the
acidic components. The odor of indole and skatole
from the anaerobically stored manure was felt a little,
but it was fairly strong from aerobically digested
manure. The aerobically digested manure did not
exhibit the odor of phenols and carboxylic acids. This
fact is compatible with the result of quantification.
In particular, the concentrations of lower carboxylic
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TaBLE 2. QQUANTIFICATION OF ODOROUS COMPONENTS
IN ANAEROBICALLY AND AEROBICALLY DIGESTED
LIQUID SWINE MANURE?)

Compound Anaerobic Aerobic
wt/1 wt/1

Aniline 76 ug 41 pg
o-Aminoacetophenone 248 g 129 pg
Methylquinazoline 46 pg 29 ug
Dimethyl- or 44 pg 18 ug

ethylquinazoline
Phenol 3.6 mg 0.79 mg
p-Cresol 29.2 mg 0.85mg
p-Ethylphenol 3.8 mg 0.55 mg
Isovaleric acid 60 ug —
Valeric acid 44 pg —
2-Methylbutyric acid 12 pg 4 pg
4-Methylpentanoic acid 54 ug —
Hexanoic acid 166 pg 6 pg
2-Methylpentanoic acid 18 ug 3ug
4-Methylhexanoic acid 92 ug 9ug
Heptanoic acid 166 pug 18 ug
Octanoic acid 166 ug 37 ug

a) These values are not corrected with recovery coef-
ficients.

acids decreased or were not detected after aeration.
As the concentration of the valeric acid did not decrease
significantly by bubbling nitrogen gas into the aqueous
solution of the acid, its disappearance during aeration
would be presumed to be caused by microbial action.
The function of phenols with regard to odor diminished
with decreasing carboxylic acids. As indole and skatole
did not decrease so much and their threshold values
for odor were very low, the odor of aerobically digested
manure was dominated by them.

The authors wish to thank Mr. Minoru Kuriyama,
a hog raiser near Tsukuba New Town, Ibaraki Prefec-
ture, for his offer of liquid swine manure.
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pL-Validamine and its amino deoxy and deoxy analogs were synthesized as the acetyl derivatives from
endo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid, the Diels-Alder adduct of acrylic acid and furan.

In a previous paper® a report was given on the first
synthesis of penta-N,O-acetyl-pL-validamine starting
from the Diels-Alder adduct of furan with acrylic acid,
endo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid
(1).»  Acetolysis of tri-O-acetyl-2,3-dihydroxy-6-hy-
droxymethyl-7-oxabicyclo[2.2.1Theptane gave a poor
yield of the desired intermediate, penta-O-acetyl-(1,3,5/
2,4)-5-hydroxymethyl-1,2,3,4-cyclohexanetetrol (pseudo-
p-p-glucopyranose),! since anhydro ring formation
occurs simultaneously to give a dioxatricyclo com-
pound.® Thus, bromination of the substituted 2-
hydroxymethyl-7-oxabicyclo[2.2.1]heptane with hydro-
gen bromide in acetic acid has been studied in order
not only to open the 1,4-anhydro ring, but also to
introduce a bromine substituent into the cyclohexane
ring, which can be replaced by an amino function.
In the present paper, we report on the alternative
synthesis of acetyl derivatives of bDL-validamine and
its several analogs starting from the substituted bromo-
hydroxymethylcyclohexanes derived from 1.

Hydrogenation of 1 with palladium black gave endo-
7-oxabicyclo[2.2.1Theptane-2-carboxylic acid (2)® in
high yield. This was reduced by lithium aluminum
hydride (LAH) in tetrahydrofuran (THF) followed by
acetylation with acetic anhydride in pyridine to give
endo-2-acetoxymethyl-7-oxabicyclo[2.2.1]heptane (3) as
a syrup in 809, yield.

Reaction of 2 with 159, hydrogen bromide in acetic
acid in a sealed tube overnight at 85—90 °C resulted
in cleavage of the 1,4-anhydro ring to give rise to a
mixture of acetoxybromocyclohexanecarboxylic acids,
from which crystalline (1,5/2)-2-acetoxy-5-bromocyclo-
hexanecarboxylic acid (4) was isolated in 599, yield.
In its TH NMR spectrum, a triplet of doublets at §

o 0 R
5 3 Br
AcO

COOH R
1 2 R=COOH 4 R=COOH
L 3 R=CH,0Ac 5 R=CH,Br
/ CH,Br
R ¢ 5 Br
— AT — (>
OAc  CH0Ac A0 X
8 R=Br 10 R=Br
9 R=11 11 R=H
Scheme 1.

5.00 having 4.5, 10, and 10 Hz-splittings could be
ascribed to H-2, in line with the 1,2-trans configuration
between the acetoxyl and carboxyl groups. Under
similar reaction conditions, 3 afforded crystalline di-
bromo compound (5) in an isolated yield of 359,
In this case, the primary acetoxyl group was replaced
by a bromide ion in addition to opening the anhydro
ring. The 'H NMR spectrum of 5 contained a pattern
of the signals due to methine protons very similar to
that of 4. The structure of 5 was tentatively assigned
to (1/2,4)-4-bromo-2-(bromomethyl)cyclohexyl acetate.

On the other hand, bromolactonization of 1 pro-
ceeded smoothly to give the bromolactone (6) in 919,
yield. Reduction of 6 with LAH in THF followed
by acetylation gave endo-2-acetoxy-endo-6-acetoxymeth-
yl-ex0-3-bromo-7-oxabicyclo[2.2.1]Theptane (8) in 849,
yield. Hydrogenolysis of 8 with Raney nickel in the
presence of Amberlite IRA-45 (OH-) gave the cor-
responding debromo compound (9) in 949, yield,
which was also obtained analogously from the lactone
(7) derived by hydrogenolysis of 6.

The same treatment of 8 with hydrogen bromide
in acetic acid gave selectively a single crystalline
tribromide (10) almost quantitatively. Similarly,
dibromide (11) was obtained from 9 in 759, yield.
The structures of 10 and 11 were deduced on the
basis of analytical data and H NMR spectroscopy.
Thus, the TH NMR spectrum of 10 revealed two one-
proton relatively wide triplets coupled with each other
at 6 4.92 and 5.22, respectively, indicating the presence
of two acetoxyl groups in vicinal trans positions. These
were accounted for by opening of the anhydro ring
at C-4 by a bromide ion, the structure being tenta-
tively assigned to di-O-acetyl-(1,3/2,4,6)-3,4-dibromo-6-
bromomethyl-1,2-cyclohexanediol. In the 'H NMR
spectrum, 11 showed a triplet of doublets at ¢ 4.76
having 3.5, 8.5, and 8.5 Hz-splittings and a doublet
of doublets at 6 4.96 having 8.5 and 10 Hz-splittings
attributed to H-1 and H-2, respectively. Thus, 11
was assigned to di-O-acetyl-(1,3,5/2)-5-bromo-3-bromo-
methyl-1,2-cyclohexanediol.

Accordingly, the 1,4-anhydro ring was cleaved by
a bromide ion regioselectively in 8 or 9 at the carbon
atom adjacent to the methylene group, while, in the
case of 2 and 3, the selectivity appears to decrease,
somewhat presumably, owing to the stereoelectric
effects.

Dideoxyvalidamine and Iis Analog. Reduction of
4 with LAH in THF followed by acetylation gave
the corresponding di-O-acetyl-bromohydroxymethyl-
cyclohexanol (12) as a syrup in 469, yield, which,
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CH,R*
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12 Br H H OAc
13 H N, H OAc
14 H NHAc H OAc
15 H N, H N,
16 H NHAc H NHAc
17 Br H OAc OAc
18 H N, OAc OAc
19 H NHAc OAc OAc
20 H N, OAc N,
21 H NHAc OAc NHAc
Scheme 2.

without purification, was treated with sodium azide
in boiling 909, aqueous 2-methoxyethanol for 2 days
to give the crude azido compound (13). Its 'H NMR
spectrum showed a relatively narrow multiplet due
to the proton attached to the carbon atom bearing
the azido group, suggesting that the bromine group
was replaced by an azide ion with inversion of the
configuration. Compound 13 was hydrogenated with
Raney nickel followed by acetylation to give crystalline
tri- N,0-acetyl- (1,4/2) -4 -amino-2-hydroxymethyl-1-cy-
clohexanol (dideoxyvalidamine) (14) in 259, yield.

The similar treatment of 5 with sodium azide gave
a syrupy diazido compound (15), which was hydro-
genated and successively acetylated to give tri-N,O-
acetyl-(1,4/2)-4-amino -2 - aminomethyl- 1 - cyclohexanol
(16) in 309, overall yield.

Deoxyvalidamine and Iis Analog. Compound 11
was treated with 2 molar equiv. of sodium acetate in
909%, aqueous 2-methoxyethanol at 90 °C overnight
and then the product was acetylated to give tri-
O-acetyl-(1,3,5/2)-5-bromo-3-hydroxymethyl-1,2-cyclo-
hexanediol (17) in 789, yield. The *H NMR spectrum
was compatible with the proposed structure, in which
only C-7 bromine atom of 11 was replaced by an
acetoxyl group. Thus, in 17, C-7 methylene signal
shifted downfield as compared with that of 11. Reac-
tion of 17 with an azide ion gave a syrupy azido com-
pound (18) with inversion of the configuration at C-5,
which was directly hydrogenated followed by acetyla-
tion to give a crystalline tetra-N,O-acetyl-(1,3/2,5)-5-
amino - 3-hydroxymethyl-1,2-cyclohexanediol (deoxy-
validamine) (19) in 409 yield. The structure was
fully supported by the TH NMR spectrum (see Experi-
mental).

Analogously, 11 was converted to the diazido com-
pound (20) which was hydrogenated and then acetylat-
ed to give tetra-N,O-acetyl-(1,3/2,5)-5-amino-3-amino-
methyl-1,2-cyclohexanediol (21) in 589, overall yield.
Its 'TH NMR spectrum showed a pattern of ring proton
signals very similar to that of 19.

Validamine and Its Analog. Treatment of 10 with
sodium acetate (2 molar equiv.) in 909, aqueous 2-
methoxyethanol at 90 °C for 2 days led to the selective
displacement at C-7 with an acetate ion affording
tri- O-acetyl-(1,3/2,4,6)-3,4-dibromo- 6- hydroxyrmethyl-
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Scheme 3.

1,2-cyclohexanediol (22) as the major product in 509,
yield.9 Similarly, on treatment with sodium azide
(2 molar equiv.), 10 gave the corresponding 7-azido
compound (23) in 919, yield. Reaction of 22 with
excess methanolic sodium methoxide in chloroform
followed by acetylation gave di-O-acetyl-1,2-anhydro-
(1,2,4,6/3) -6-bromo-4-hydroxymethyl-1,2,3- cyclohex-
anetriol (24) in a quantitative yield. The 'H NMR
spectrum revealed a doublet due to H-3 having 9 Hz-
splitting at é 4.88, which confirmed the assigned struc-
ture of 24, excluding the 2,3-anhydro structure resulting
from an oxirane ring migration under basic conditions.
Under the same conditions, 23 gave the corresponding
epoxide (25) in 789, yield.

The reaction of 24 with 1.5 molar equiv. sodium
azide in N, N-dimethylformamide at 90 °C was monitor-
ed by TLC.? After 24 had been consumed in 2.5 h,
one major component was formed together with four
minor components. Separation of the mixture by
column chromatography gave the epoxy azide (26)
in 309, yield as a homogeneous syrup. In its 1H
NMR spectrum, the signal due to proton on a carbon
atom attached to the azido group appeared as a doublet
of doublets having 3 and 9.5 Hz-splittings at & 4.19.
Lack of a coupling between H-1 and H-6 suggests
that the azido group is located in the trans position
to the adjacent anhydro ring. Hydrogenation of 26
with Raney nickel in methanol containing acetic an-
hydride gave the epoxy amide (28) which, without
purification, was successively treated with boiling 809,
aqueous acetic acid followed by acetylation to give a
crystalline penta-N,O-acetyl-(1,3,4/2,6)-4-amino-6-hy-
droxymethyl-1,2,3-cyclohexanetriol (validamine) (30)
in 309, yield. The compound was identical with
an authentic sample® except for an optical activity.
The anhydro ring in 28 seems to be cleaved at C-1
preferentially by an anchimeric assistance of the
neighboring acetamido group, giving rise to the triol
with the desired configuration.

By an analogous sequence of reactions (27—29—
31), the 7-amino-7-deoxy analog (31) of validamine
was prepared in an overall yield of 21%,. The struc-
ture was supported by comparison of its 'H NMR
spectrum with that of 30.
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Experimental

Unless otherwise noted, melting points were determined
on a Mitamura Riken micro hot stage and are uncorrected.
Solutions were evaporated under reduced pressure at 40—
50°C. 'H NMR spectra were measured at 60 MHz on a
Varian A-60D spectrometer in deuteriochloroform (CDClI,)
or dimethyl-d; sulfoxide (DMSO-d;) with reference to tetra-
methylsilane as an internal standard, the peak positions
being given in d-values. Values given for chemical shifts
and coupling constants are of first-order. TLC was per-
formed on silica gel (Wakogel B-10, Wako Pure Chemical
Industries, Ltd.) using a mixture of butanone and toluene
as an cluent. Column chromatography was carried out on
Wakogel C-200.

endo-2-Acetoxymethyl-7-oxabicyclo[2.2.1 heplane (3). To
a solution of the acid (2)» (6.0g) prepared by catalytic
reduction of endo-7-oxabicyclo[2.2.1]1hept-5-ene-2-carboxylic
acid (1)?® in tetrahydrofuran (THF) (100 ml) was added
a slurry of lithium aluminum hydride (LAH) (2.1g) in
THF (20 ml), and the mixture was stirred at an ambient
temperature for 4 h. A mixture of THF (4.2 ml) and water
(4.2 ml) was added to the reaction mixture and it was left
to stand overnight. A white solid was removed by filtra-
tion and washed with hot THF (20 ml). The filtrate and
washings were combined and evaporated to give a colorless
syrup (5.4 g), whose TLC showed a single spot in butanone-
toluene (1:1, v/v). A 2.3g-portion of this syrup was
treated with acetic anhydride (10 ml) in pyridine (20 ml)
overnight at an ambient temperature. The reaction mixture
was evaporated to dryness and the residue was dissolved
in ethyl acetate and washed with 0.5 M hydrochloric acid,
aqueous saturated sodium hydrogencarbonate solution, and
water, successively. The solution was dried over anhydrous
sodium sulfate and then evaporated to give 3 (2.7 g, 89%)
as a homogeneous syrup.

Found: C, 63.60; H, 8.20%
63.51; H, 8.29%.

Treatment of the alcohol with p-nitrobenzoyl chloride in
pyridine at 70°C for 30 min gave a crystalline p-nitro-
benzoate. An analytical sample was obtained by recrystal-
lization of the crude product from ethanol, mp 104—105
°C.

Found: C, 60.79; H, 5.61; N, 5.129%,.
NO;: C, 60.65; H, 5.45; N, 5.05%.

(7,5/2 )-2-Acetoxy-5-bromocyclohexanecarboxylic Acid (4).

A mixture of 2% (0.2g) and 15% hydrogen bromide in
acetic acid (2ml) was heated at 80—85°C in a sealed
tube for 17 h, the reaction mixture being then poured into
ice-water (40 ml). The resulting gum was collected by
decantation and dissolved in chloroform. The solution was
washed with water, dried, and evaporated to give a partially
crystalline product. Recrystallization from ethanol-hexane
gave 4 (0.23 g, 59%): mp 156—158 °C; *H NMR (CDCl,)
0 1.23—2.90 (7H, m, H-1 and the six methylene protons),
2.02 (3H, s, OAc), 3.97 (IH, tt, Jiax.s=Js.60q=11 Hz,
J1ea.s=Js.60q=%4.5Hz, H-5), 5.00 (1H, td, Ji,.=J23x=
10 Hz, J,,36=%.5 Hz, H-2), 9.35 (1H, s, COOH).

Found: C, 40.51; H, 4.77; Br, 30.459%. Calcd for C,-
H,,0,Br: C, 40.78; H, 4.94; Br, 30.149%,.

(7/2,4)-4-Bromo-2-(bromomethyl ) cyclohexyl Acetate (5).

Compound 3 (1.6 g) was treated with hydrogen bromide
in acetic acid in the same way as for 4. The reaction
mixture was poured into ice-water and extracted with
chloroform, and the extracts were processed in the usual
manuer. ‘The crude product was crystallized from ethanol

Caled for CH,,O5: C,

Calcd for G H,;-
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to give 5 (1.03g, 35%): mp 110.5—112°C; 'H NMR
(CDCl,) 6 1.23—2.90 (7H, m, H-2 and the six ring
methylene protons), 2.05 (3H, s, OAc), 3.32—3.45 (2H,
m, CH.Br), 3.99 (IH, tt, Jsx.a=Jasax=11Hz, Jieq4=
Jasea=45Hz, H-4), 477 (IH, td, J;,.=J1.6ax=10Hz,
J1.66q=4%.5 Hz, H-1).

Found: C, 34.37; H, 4.48; Br, 51.119%,.
H,,0,Br,: C, 34.42; H, 4.49; Br, 50.89%,.

ex0-9-Bromo-2,7-dioxabicyclo[4.2.7.048nonan-3-one (6).
Compound 1» (10g) was dissolved in water (300 ml)
containing sodium hydrogencarbonate (7.2 g). Bromine (4
ml) was added dropwise to this solution under vigorous
agitation. After completion of the addition, the mixture
was stirred for 1h, and precipitates were collected by filt-
ration and washed with water thoroughly. Recrystallization
of the crude product from ethyl acetate gave 6 (14.2g,
919%,) as prisms: mp 155—156 °C; 'H NMR (DMSO-d;)
é 2.00—2.29 (2H, m, C-5 methylene), 2.69 (1H, m, H-4),
437 (1H, s, H-9), 4.75 (IH, m, H-6), 4.95 (IH, d,
J1.s=5Hz, H-1), 5.53 (1H, t, J,s=>5Hz, H-8).

Found: G, 38.11; H, 3.26; Br, 36.34%,. Calcd for C,-
H,0,Br: C, 38.39; H, 3.22; Br, 36.48%,.

2,7-Dioxabicyclo[4.2.7.0*8]nonan-3-one (7). A solution
of 6 (1.1 g) in ethyl acetate (20 ml) was hydrogenated in
the presence of Raney nickel T-49 and Amberlite IR-45
(OH™) (7.5ml) in the initial hydrogen pressure of 3.4kg-
cm~2 at an ambient temperature overnight. The catalyst
and resin were removed by filtration and the filtrate was
evaporated. The residue was crystallized from ethyl acetate-
hexane to give 7 (0.46g, 65%) as needles: mp 85.5—87
°C; *H NMR (CDCl;) ¢ 1.42—246 (4H, m, C-5 and
C-9 methylene), 2.71 (1H, broad five-line peak, J, sendo=
4.5Hz, J4.5020=8.5Hz, H-4), 4.65—4.92 (2H, m, H-1 and
H-6), 5.31 (1H, t, J;.5=J4,s=5 Hz, H-8).

Found: C, 60.20; H, 5.829. Caled for C,H,O,: C,
60.00; H, 5.75%,.

endo -2 -Acetoxy-endo-6-acetoxymethyl - exo-3-bromo-7-oxabicyclo-
[2.2.7)heptane (8). To an ice-cooled solution of 6 (10
g) in THF (250 ml) was added dropwise a slurry of LAH
(2 g) in THF (30 ml) with vigorous agitation. The reaction
mixture was stirred at an ambient temperature for 3h
and worked up in the usual manner to give a syrup,
which was directly acetylated by the conventional method.
The product was crystallized from ethyl acetate-hexane to
give 8 (11.7 g, 83.5%) as colorless needles: mp 61—62 °C;
H NMR (CDCly) 6 1.35 (1H, dd, Js5em=12.5 Hz, J5ena0,6=
5.5 Hz, H-5endo), 1.63—2.79 (2H, m, H-5exo and H-6),
2.02 (3H, s) and 2.06 (3H, s) (OAc), 3.85 (I1H, d, J,,=
3 Hz, H-3), 4.19 (1H, dd) and 4.32 (1H, dd) (Js.,.=Js..*=
3Hz, Jiyen=7Hz, CH,OAc), 461 (1H, d, Jisez0=6 Hz,
H-4), 465 (1H, t, J;,,=5Hz, H-1), 5.36 (1H, broad dd,
H-2).

Found: C, 42.88; H, 4.82; Br, 26.149%.
H,;O,;Br: C, 43.12; H, 4.92; Br, 26.029%,.

endo-2 - Acetoxy-endo-6-acetoxymethyl-7-oxabicyclo[2.2.1 ] heptane
(9). a) A solution of 8 (10g) in ethyl acetate (20
ml) was hydrogenated with Raney nickel and Amberlite
IR-45 (OH-) in the same way as for 7. The product was
crystallized from ethyl acetate-hexane to give 9 (7 g, 94%)
as needles: mp 48—49°C; *H NMR (CDCl,) 6 1.12—1.51
(2H, m, H-3endo and H-5endo), 2.02 (6H, s, two OAc),
1.67—2.66 (3H, m, H-3e¢x0, H-5ex0, and H-6), 4.21—4.67
(4H, m, H-1, H-4, and CH,0Ac), 5.04 (1H, m, H-2).

Found: G, 57.67; H, 6.91%,. Calcd for C,;H,;O;: C,
57.88; H, 7.069;.

b) Compound 9 was also prepared, in 529 vyield, by
reduction of 7 with LAH in THI as in the preparation

Calced for G,-

Calcd for G-
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The di-p-nitrobenzoate was prepared by the usual method.
An analytical sample crystallized from ethanol melted at
206 °C.

Found: G, 57.11; H, 4.27; N, 6.19%,.
HN,O,: C, 57.02; H, 4.10; N, 6.33%.

Di-O-acetyl-(1,3/2,4,6) - 3,4 - dibromo -6-bromomethyl-1,2-cyclo-
hexanediol (10). Compound 8 (1.6 g) was treated with
hydrogen bromide in acetic acid in the same way as for 4.
Recrystallization of a crude crystalline product (2.2 g) gave
10 (1.75g, 749%) as prisms: mp 153—I154°C; *H NMR
(CDCl,) 6 1.79—2.85 (3H, m, C-5 methylene and H-6),
2.04 (3H, s) and 2.08 (3H, s) (OAc), 3.22 (1H, dd, Js..=
3.5Hz, Jigem=10Hz, H-7), 3.45 (1H, dd, J,,+=1.5Hz,
H-7), 4.02 (lH, m, H-4), 4.10 (1H, t, J,.;=/J;..=9 Hz,
H-3), 492 (1H, t, J,,,=J1.e=9Hz, H-1), 522 (lH, t,
H-2).

Found: C, 29.22; H, 3.33; Br, 52.96%.
H,;0,Br,: C, 29.30; H, 3.35; Br, 53.16%,.

Di-O-acetyl-(1,3,5/2 )-5-bromo-3-bromomethyl-1,2-cyclohexanediol
(11). Compound 9 (1 g) was treated with hydrogen
bromide in acetic acid in the same way as for 4. The
crude product was recrystallized from cthanol to give 11
(1.2g, 75%): mp 136—137 °C; 'H NMR (CDCl;) 6 1.63
—2.86 (5H, m, H-3, and C-4 and C-6 methylene), 2.01
(3H, s) and 2.05 (3H, s) (OAc), 3.26—3.40 (2H, m,
CH,Br), 4.00 (1H, nine-line peak, H-5), 4.76 (1H, td,
J1,2=J1,6ax=8.5Hz, Jeq=3.5Hz, H-1), 4.96 (1H, dd,
Je,3s=10Hz, H-2).

Found: C, 35.50; H, 4.27; Br, 43.079%.
H,,O,Br,: C, 35.51; H, 4.33; Br, 42.95%.

Tri-N,O-acetyl - (1,4/2)-4-amino-2-hydroxymethyl-1-cyclohexanol
(14). To a solution of 4 (0.53g) in THF (10 ml)
was added a suspension of LAH (0.09g) in THF (6 ml)
at 0°C, and the reaction mixture was stirred at an ambient
temperature for 1.5h, and then worked up in the usual
manner. The syrupy product was acetylated and purified
by chromatography on silica gel with chloroform to give
di-0-acetyl-(1/2,4)-4-bromo -2 - hydroxymethyl-1-cyclohexanol
(12) (0.27g, 469%) as a homogeneous syrup; 'H NMR
(CDCL) ¢ 1.19—2.57 (7H, m, H-2, and C-3, C-4, and
C-5 methylene), 2.03 (3H, s) and 2.06 (3H, s) (OAc),
4.00 (1H, tt, Jyax.a=J1,5ax=13Hz, J30q,a=J1.50q =%.5 Hz,
H-4), 4.01 (2H, d, CH,OAc), 4.65 (1H, td, Ji,2=J1.6eq=
4Hz, H-1).

A mixture of crude 12 (0.21 g), sodium azide (0.2g),
and 90% aqueous 2-methoxyethanol (10 ml) was heated at
reflux for 45 h, and then evaporated to dryness. The res-
idue was directly acetylated in the usual manner and the
product was purified by chromatography on alumina with
chloroform to give di-O-acetyl-(1,4/2)-4-azido-2-hydroxy-
methyl-1-cyclohexanol (13) as a homogeneous syrup: 'H
NMR (CDCl;) 6 1.46—2.41 (7H, m, H-2, and C-3, GC-3,
and C-6 methylene), 2.04 (6H, s, two OAc), 3.76—3.99
(1H, m, H-4), 3.96—4.11 (2H, m, CH,OAc), 4.65 (l1H,
td, J1,2=J1.6ax=10Hz, J; geq=4.5 Hz, H-1).

A solution of crude 13 (0.16g) in ethanol (6 ml) was
hydrogenated with Raney nickel at an ambient temperature
overnight. The product was acetylated in the usual manner.
Recrystallization of the crude product from ethanol-ether
gave 14 (0.043 g, 25%,) as needles: mp 111—112.5°C; H
NMR (CDCl,) 6 1.19—2.21 (7H, m, H-2, and C-3, C-5,
and C-6 methylene), 1.99 (3H, s, NAc), 2.05 (6H, s, two
OAc), 3.88—4.26 (3H, m, H-4 and CH,NHAc), 4.73 (1H,
td, Ji.o=J1.6ax=8.5Hz, J} seq=4.5Hz, H-1), 5.73 (1H, d,
J=6Hz, NH).

Found: C, 57.23; H, 7.58; N, 5.299%,.

Calcd for C2l-

Caled for Cyy-

Caled for C,y-

Calcd for G-
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H,,NO;: C, 57.55; H, 7.80; N, 5.16%,.

Tri-N,O-acetyl- (1,4/2) -4 - amino-2-aminomethyl-1-cyclohexanol
(16). A mixture of 5 (0.47 g), sodium azide (0.59 g),
and 909 aqueous 2-methoxyethanol (15 ml) was heated at
110 °C for 17 h, and then evaporated to dryness. The res-
idue was acetylated in the usual manner and the product
was purified by chromatography on alumina to give (1,4/
2)-4-azido-2-(azidomethyl)cyclohexyl acetate (15) as a homo-
geneous syrup: 'H NMR (CDCl,) 6 1.21—2.41 (7H, m,
H-2, and C-3, C-5, and C-6 methylene), 2.06 (3H, s, OAc),
3.32 (2H, d, J=4.5Hz, CH,N,), 3.78—3.96 (1H, m, H-4),
4.95 (1H, td, J1,2=J1.6ax=9.5 Hz, J} 40q=5 Hz, H-1).

Crude 15 was hydrogenated in ethanol with Raney nickel
as in the case of crude 13. The product was acetylated
in the usual manner. Recrystallization of the crude product
from ethanol gave 16 (0.12g, 309 based on 5 used) as
needles: mp 189—190 °C; 'H NMR (CDCl,) ¢ 1.10—2.38
(7H, m, H-1, and C-3, C-5, and C-6 methylene), 1.97 (6H,
s, two NAc), 2.06 (3H, s, OAc), 2.83—3.72 (2H, m, CH,-
NHACc).

Found: C, 57.53; H, 8.12; N, 10.129%.
H,,N,O,: G, 57.76; H, 8.20; N, 10.36%.

Tetra-N,O-acetyl- (1,3/2,5) -5-amino-3-hydroxymethyl-1,2-cyclo-
hexanediol (19). A mixture of 11 (1.86 g), anhydrous
sodium acetate (1.23 g), and 909, aqueous 2-methoxyethanol
(35 ml) was heated at 90 °C with stirring overnight. The
reaction mixture was evaporated and the residue was ex-
tracted with hot chloroform (50 ml). The extracts were
passed through a short alumina column and then evaporated
to give tri-O-acetyl-(1,3,5/2)-5-bromo-3-hydroxymethyl-1,2-
cyclohexanediol (17) (1.37 g, 78%,) as a homogeneous syrup:
H NMR (CDCl;) 6 1.62—2.87 (5H, m, H-3, and C-6
methylene), 2.01 (3H, s), 2.03 (3H, s), and 2.06 (3H, s)
(OAc), 3.75—4.27 (3H, m, H-5 and CH,OAc), 4.76 (1H,
td, Jio=J16ex=9.5Hz, J; geq=5Hz, H-1), 496 (1H, t,
J2.3=9.5 Hz, H-2).

A mixture of crude 17 (1.05g), sodium azide (0.6 g),
and 909% aqueous 2-methoxyethanol (30 ml) was refluxed
for 20h. The reaction mixture was evaporated and acetyl-
ated in the usual manner. The product was purified by
chromatography on alumina to give tri-O-acetyl-(1,3/2,5)-5-
azido-3-hydroxymethyl-1,2-cyclohexanediol (18) (1.05g) as
a homogeneous syrup: 'H NMR (CDCl,) & 1.52—2.57
(5H, m, H-3, and C-4 and C-6 methylene), 1.99 (3H, s)
and 2.03 (6H, s) (OAc), 3.72—4.28 (3H, m, H-5 and
CH,OAc), 4.72—5.25 (2H, m, H-1 and H-2).

Compound 18 (1.0 g) was hydrogenated in ethanol (20
ml) containing acetic anhydride (0.5 ml) with Raney nickel
in the same way as for 7. The product was crystallized
from ether to give 19 (0.37 g, 409 based on 17 used) as
needles: mp 193—194 °C; 'H NMR (CDCl;) 6 1.49—2.48
(5H, m, H-3, and C-4 and C-6 methylene), 1.99 (6H, s),
2.02 (3H, s), and 2.03 (3H, s) (OAc), 3.88 (1H, dd,
Jagem=11.5Hz, J;,=4.5Hz, H-7), 4.15 (1H, dd, J, , =4
Hz, H-7'), 4.28 (1H, m, H-5), 4.88 (IH, t, Jy,= J,,=9
Hz, H-2), 4.97 (1H, td, Ji,6ax=9Hz, J},4eq=3 Hz, H-1),
6.38 (1H, d, Js,xu=7 Hz, NH).

Found: C, 55.00; H, 7.01; N, 4.279%,.
H,,NO;: C, 54.70; H, 7.04; N, 4.259%,.

Tetra-N,O-acetyl- (1,3/2,5) - 5 - amino -3- aminomethyl-1,2-cyclo-
hexanediol (21). A mixture of 11 (0.74g), sodium
azide (0.78 g), and 90% aqueous N,N-dimethylformamide
(20 ml) was heated at 125°C for 20h. The reaction
mixture was processed by the usual method and the syrupy
product was purified by alumina column to give di-O-acetyl-
(1,3/2,5)-5-azido-3-azidomethyl-1,2-cyclohexancdiol (20) (0.61
g, 97%) as a homogeneous syrup. The compound was di-

Calcd for GCi,-

Calced for Cy;-
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rectly hydrogenated as in the case of 18 and the product
was crystallized from ethanol to give 21 (0.39 g, 59%,) as
needles: mp 236—237 °C (capil); *H NMR (DMSO-d;) ¢
1.36—2.46 (5H, m, H-3, and C-4 and C-6 methylene), 1.88
(3H, s) and 1.92 (3H, s) (NAc), 2.02 (3H, s) and 2.08
(3H, s) (OAc), 3.2—3.56 (2H, m, CH,NHAc), 4.08—4.39
(IH, m, H-5), 4.85 (1H, t, Ji,,=]5,=9.5Hz, H-2), 5.22
(1H, td, Jyeax=9.5Hz, Jyeq=5Hz, H-1), 7.93 (1H, t,
Jana=J7',xu=5.5 Hz, CH,NHAc), 8.27 (1H, d, J5,xu=
6.5 Hz, CHNHACc).

Found: C, 54.63; H, 7.28; N, 8.549%. Calcd for C;-
H,,N,Oq4: C, 54.87; H, 7.37; N, 8.53%,.

T7i-O-acetyl-(1,3/2,4,6 )-3,4-dibromo-6-hydroxymethyl - 1,2 -cyclo-
hexanediol (22). A mixture of 10 (9.0 g), anhydrous
sodium acetate (4.9 g), and 909 aqueous 2-methoxyethanol
(100 ml) was heated at 90 °C for two days. The reaction
mixture was worked up by the usual method and the
product was directly acetylated. TLC indicated the forma-
tion of one major and three minor components. Crystal-
lization of the mixture from ethanol gave the main product,
22 (4.3g, 509%) as prisms: mp 128—129°C; H NMR
(CDCl;) ¢ 1.77—2.71 (3H, m, H-6 and C-5 methylene),
2.01 (3H, s) and 2.06 (6H, s) (OAc), 3.74—4.26 (4H, m,
H-3, H-4, and CH,0OAc), 4.91 (1H, dd, J;,,=9Hz, J; =
10 Hz, H-1), 5.20 (1H, t, J, ;=10 Hz, H-2).

Found: C, 36.42; H, 4.17; Br, 37.65%,.
H,4O¢Br,: C, 36.30; H, 4.22; Br, 37.16%.

Di-O-acetyl- (1,3/2,4,6 ) -6 -azidomethyl - 3,4 -dibromo-1,2-cyclo-
hexanediol (23). A mixture of 10 (4.5 g), sodium azide
(1.95g), and 909% aqueous 2-methoxyethanol (60 ml) was
heated at 95°C for 90 min. The reaction mixture was
worked up by the usual method. The product was recry-
stallized from ethanol to give 23 (3.8 g, 919%) as needles:
mp 114—115°C; '"H NMR (CDCly) 6 1.71—2.73 (3H, m,
H-6 and C-5 methylene), 2.04 (3H, s) and 2.07 (3H, s)
(OAc), 3.18 (1H, dd, Jysem=11Hz, J4,=3.5Hz, H-7),
3.44 (1H, dd, J¢,»=2Hz, H-7), 3.94—4.18 (2H, m, H-3
and H-4), 4.86 (IH, t, Ji,.=/1,6=10Hz, H-1), 5.19 (1H,
t, Jo,3=10Hz, H-2).

Found: C, 32.08; H, 3.68; N, 10.26; Br, 38.789%,. Calcd
for C,;H;;N;O.Br,: C, 31.99; H, 3.66; N, 10.17; Br,
38.69%.

Di-O-acetyl-1,2-anhydro-(1,2,4,6/3 ) -6-bromo-4-hydroxymethyl-
1,2,3-cyclohexanetriol (24). To a solution of 22 (2.15g)
in methanol (20 ml) was added 1 M-methanolic sodium
methoxide (10ml, 2 molar equiv.) and the mixture was
stirred at an ambient temperature for 3h. The solution
was neutralized with 1 M-hydrochloric acid and then evap-
orated to dryness. The residue was treated with acetic
anhydride (5ml) and pyridine (10ml) overnight. The
product was purified by alumina column to give a syrup
which crystallized spontaneously to give 24 (1.5g, 98%)
as prisms: mp 58—59.5 °C; 'H NMR (CDCl,) 6 1.54—2.19
(3H, m, H-4 and C-5 methylene), 2.05 (3H, s) and 2.11
(3H, s) (OAc), 3.26 (1H, d, J,,,=3.5Hz, H-2), 3.52 (1H,
broad d, J,,¢=2Hz, H-1), 3.90—4.02 (2H, m, CH,OAc),
4.37 (1H, eight-line peak, Jsax,¢=Jseq,6=06 Hz, H-6), 4.88
(1H, d, J,,,=9Hz, H-3).

Found: C, 42.92; H, 4.90; Br, 26.129%,.
H,,O;Br: C, 43.02; H, 4.92; Br, 26.029%,.

O- Acetyl-1,2 -anhydro-(1,2,4,6/3 ) -4-azidomethyl-6-bromo-1,2,3-
cyclohexanetriol (25). To a solution of 23 (3.3g) in
methanol (30ml) was added 1 M-methanolic sodium
methoxide (16 ml, 2 molar equiv.) and the mixture was
left to stand at an ambient temperature for 5h. The
reaction mixture was processed as in the preparation of 24.
The product was chromatographed on silica gel (85 g) with

Calcd far Cy,-

Caled for Cy;-
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butanone-toluene (1 : 12, v/v) as an eluent to give 25
(1.82g, 78%) as a homogeneous syrup: IH NMR (CDCl,)
6 1.56—2.19 (3H, m, H-4 and C-5 methylene), 2.13 (3H,
s, OAc), 3.20—3.35 (3H, m, H-2 and CH,N;), 3.51 (1H,
broad q, Ji,,=4Hz, Jis=2Hz, H-1), 436 (1H, eight-
line peak, [Jsax,6=11Hz, J;0q,6=6Hz, H-6), 4.84 (1H,
broad d, [, ,=9Hz, H-3).

Found: C, 37.19; H, 4.14; N, 14.41; Br, 27.279%,. Calcd
for GgHuN;O;Br: G, 37.26; H, 4.17; N, 14.48; Br, 27.549%.

Di-O-acetyl-1,2-anhydro-(1,2,4/3,6 )-6-azido-4-hydroxymethyl-
1,2,3-cyclohexanetriol (26). A mixture of 24 (0.92g),
sodium azide (0.59 g), and N,N-dimethylformamide (15 ml)
was heated at 90 °C for 2.5 h. TLC indicated the forma-
tion of one major component, together with 24 and three
minor components. The reaction mixture was processed
by the usual method and the product was purified in the
same way as for 25 to give the main product, 26 (0.25 g,
319%) as a homogeneous syrup: 'H NMR (CDCl,) 6 1.51
—2.55 (3H, m, H-4 and C-5 methylene), 2.05 (3H, s) and
2.12 (3H, s) (OAc), 3.10 (1H, d, J;,.—3 Hz, H-2), 3.23
(IH, t, Ji,6=3Hz, H-1), 3.94—4.01 (2H, m, CH,OAc),
4.19 (1H, broad q, Jsax,6=Jseq,6=3 Hz, H-6), 4.87 (I1H,
d, J;,,=9.5Hz, H-3).

Found: C, 48.83; H, 5.56; N, 15.379,.
H,;;N,O5: G, 49.07; H, 5.62; N, 15.61%,.

Penta-N,O-acetyl-(1,3,4/2,6) -4 - amino-6-hydroxymethyl-1,2,3-
cyclohexanetriol  (validamine) (30). A solution of 26
(0.47 g) in methanol (14 ml) containing acetic anhydride
(0.5 ml) was hydrogenated in the presence of Raney nickel
as in the preparation of 7 to give a crude syrup of tri-
N,0-acetyl-1,2-anhydro-(1,2,4/3,6)-6-amino-4-hydroxymethyl-
1,2,3-cyclohexanetriol (28). The compound was treated with
refluxing 809% aqueous acetic acid (10ml) for 13h and
the reaction mixture was evaporated to dryness. The res-
idue was acetylated in the usual manner and the product
was crystallized from ethanol to give 30 (0.2g, 309%) as
prisms: mp 197—198°C. The compound was identified
with an authentic active sample® by comparison of H
NMR (CDCl;) and IR spectra.

Penta-N,O - acetyl- (1,3,4/2,6 ) -4 -amino -6 -aminomethyl - 1,2,3-
cyclohexanetriol (31). A mixture of (0.87 g), sodium
azide (0.59g), and N,N-dimethylformamide (15ml) was
heated at 90 °C for 2h. TLC indicated the formation of
one major and five minor components. The products were
fractionated by silica gel column (50g) with butanone-
toluene (1 : 12, v/v) as an eluent. The major fraction gave
O-acetyl-1,2-anhydro-(1,2,4/3,6)-6-azido-4-azidomethyl-1,2,3-
cyclohexanetriol (27) (0.37 g, 509%,) as a homogeneous syrup:
1H NMR (CDCl,) é 1.48—2.30 (3H, m, H-6 and C-5
methylene), 2.14 (3H, s, OAc), 3.09 (IH, d, J,,=3.5Hz,
H-2), 3.17—3.55 (3H, m, H-1 and CH,N,), 4.19 (1H, q,
Ju.e=Jsax,6=Jseq,6=2.5 Hz, H-6), 4.83 (1H, d, J;,=9.5
Hz, H-3). Compound 27 decomposed on being left to
stand at an ambient temperature, no satisfactory analytical
data being obtained. Thus, crude 27 was directly used in
the next step.

A solution of 27 (0.34g) in methanol containing acetic
anhydride (0.5ml) was hydrogenated with Raney nickel
in the same way as for 7, and the reduction product was
treated with aqueous acetic acid as in the preparation of
30. The acetylated product was crystallized from ethanol-
ether to give 31 (0.11g, 219) as needles: mp 246—248
°C; ITH NMR (CDCl,) ¢ 1.41—2.38 (3H, m, H-6 and
C-5 methylene), 2.01 (6H, s, two NAc), 2.03 (3H, s) 2.17
(3H, s), and 2.19 (3H, s) (OAc), 2.66—3.11 (1H, m) and
3.41—3.88 (1H, m) (CH,NHACc), 4.35—4.76 (1H, m, H-4),
4.78 (1H, t, J1,.=J1,4=9.5Hz, H-1), 491 (1H, dd, J; ;=

Calcd for Cy;-
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95Hz, J;,=4Hz, H-3), 5.30 (1H, t, H-2), 6.00—6.28
(2H, broad d, two NH).

Found: C, 52.52; H, 6.65; N, 7.18%.
H,sN,O4: C, 52.84; H, 6.78; N, 7.259%,.

Calcd for Cy;-

The authors express their sincere thanks to Mr.
Saburo Nakada for his elementary analyses.

References

1) Presented at the 26th International Congress of Pure
and Applied Chemistry, Tokyo, September 8, 1977 (abstracts
of papers of the meeting, p. 1099). All the compounds
described in this paper are racemic. All the formulas
depict one enantiomer of the respective racemates.

2) The preceding papers of this scries: a) T. Suami, S.
Ogawa, T. Ishibashi, and I. Kasahara, Bull. Chem. Soc.
Jpn., 49, 1388 (1976); b) T. Suami, S. Ogawa, K. Naka-
moto, and I. Kasahara, Carbohydr. Res., 58, 240 (1977).

3) M. P. Kunstman, D. S. Tarbell, and R. L. Autry,
J. Am. Chem. Soc., 84, 4115 (1962). The facile synthesis
of 1 by Diels-Alder reaction of acrylic acid with furan had
been reported.2?

4) The nomenclature used in this paper is based on
the TUPAC-TUB Tentative Cyclitol Nomenclature Rule [ /.

Synthesis of pL-Validamine and Its Analogs 123

Biol. Chem., 22, 5809 (1968)]. Alternatively, according to
McCasland’s proposal, 5-hydroxymethyl-1,2,3,4-cyclohexane-
tetrols are designated pseudo-aldohexopyranoses, and their
configurations are unambiguously determined by use of
prefix of the corresponding true sugars (including anomers)
[G. E. McCasland, S. Furuta, and L. J. Durham, J. Org.
Chem., 31, 1516 (1966)].

5) In addition to penta-O-acetyl-pseudo-§-pL-glucopyra-
nose, 9-endo-acetoxy-2,7-dioxatricyclo[4.2.1.04-%]nonane was
isolated in 89, yield: crystals, mp 75—76 °C (lit,» 80—81
°Q).

6) The mother liquor from crystallization of 22 was
condensed and the mixture was fractionated by silica gel
column to give mainly crystalline tetra-O-acetyl-(1,4,6/2,3)-
6-bromo-4-hydroxymethyl-1,2,3-cyclohexanetriol and syrupy
tetra- 0 -acetyl- (3,6/4,5) - 3,4,5 - trihydroxy-6 - hydroxymethyl-
cyclohex-1-ene, structures of which were tentatively assigned.

7) One of the by-products was found to be tri-O-acetyl-
(1,2,4/3,6)-2,4-diazido-6-hydroxymethyl- 1,3 - cyclohexanediol,
which was isolated by fractionation of the acetylated pro-
ducts.

8) An authentic sample was prepared by conventional
acetylation of validamine hydrochloride kindly supplied by
Dr. Satoshi Horii.

9) S. Nishimura, Bull. Chem. Soc. Jpn., 32, 61 (1959).




124 BULLETIN OF THE GHEMICAL SOCIETY OF JAPAN, voOL. 52 (1), 124—126 (1979)

[Vol. 52, No. 1

High Performance Liquid Chromatographic Analysis of Individual Bile
Acids : Free, Glycine- and Taurine-conjugated Bile Acids

Sumihiko Okuvama,* Daisuke UEmMURA,T and Yoshimasa HiraTal
Nagoya University College of Medical Technology, Daiko-cho, Higashi-ku, Nagoya 46/
YChemical Institute, Faculty of Science, Naggya University, Chikusa-ku, Nagoya 464
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High performance liquid chromatographic analyses of individual bile acids (cholic, chenodeoxycholic,
deoxycholic, and lithocholic acids), free and conjugated with glycine and taurine, are described. The
analyses of the free and glycine-conjugated bile acids are based on the esterification of the carboxyl group

of bile acids with O-(p-nitrobenzyl)-N,N’-diisopropylisourea(PNBDI).

The bile acids in the biological samples

were extracted by an Amberlite XAD-2 column, and separated by DEAE-Sepharose CL-6B into free, glycine-

and taurine-conjugated bile acids.
esterified with PNBDI.

After separation, the free and glycine-conjugated bile acids were directly
Taurine-conjugated bile acids are unable to be esterified with PNBDI, the bile acids

were hydrolyzed with NaOH to produce the free bile acids, and then esterified. The p-nitrobenzyl ester of

bile acids has a characteristic ultraviolet absorption.

Consequently the compounds were separated into the

individual bile acids by high performance liquid chromatography, and detected by an UV-dctector. An
analysis of the individual bilec acids in human bile is given for an example.

Despite the progress in gas-chromatographic analysis
for the estimation of free bile acids,'® individual
conjugated bile acids can not be separated by this
method. Moreover, the preparation of samples for
gas-chromatography is complicated, incurring dif-
ficulties both in precision and accuracy. A method
has been developed using high performance liquid
chromatography® to give data on conjugated as well
as free bile acids in clinical medicine.

The p-nitrobenzyl esters of glycine-conjugated and
free bile acids possess characteristic ultraviolet absorp-
tion spectra, and based on this an attempt to apply
this special quality for the analysis of these bile acids
has been conducted. Taurine-conjugated bile acids
have been separated from free and glycine-conjugated
bile acids by anion exchange column-chromatography
with DEAE-Sepharose CL-6B. After collection of the
taurine-conjugated bile acids, hydrolysis with NaOH
at 120 °C, esterification was conducted with PNBDI
as well as the free and glycine-conjugated bile acids.

Experimental

Apparatus. A Varian LC 8500 liquid chromatograph
was used throughout this work and fitted with an UV
detector (JASCO UVIDEC 100), and a gradient elution
accessory. A uBondapak C,q column, commercially available
from Waters Associates, was used for the analysis of the
p-nitrobenzyl esters of bile acids.

Materials. The bile acids were obtained from Sigma,
Calbiochem, and Katayama Kagaku Kogyo. PNBDI was
obtained from Regis Chem. Amberlite XAD-2 and Am-
berlyst A-15 from Rohm and Haas. Amberlite XAD-2 was
washed with methanol, acetone, and water. Amberlyst A-15
was thoroughly washed with 2 M NaOH in 70% aqueous
ethanol and followed by 709, ethanol until the elutant was
neutral. It was subsequently washed with 2M HCI in
70%, ethanol and followed by 709, ethanol until the
clutant was again neutral. DEAE-Sepharose CL-6B was
made into the acetic form with acetic acid in 709, ethanol.

Procedure. Figure 1 outlines the analytical procedure.
The mixture of 12 each individual bile acids (1 mg), free,
glycine and taurine-conjugated, was dissolved in 0.1 M
NaOH (10 ml) in saline and the solution agitated ultra-

sonically for 15 min. The solution was then applied to the
column of Amberlite XAD-29 in water (1.0g). The
sample was allowed to flow through the column (100 mm/
5mm i.d.) at a rate of about 0.2ml/min. The column
was then washed with water until neutal and the bile acids
eluted with methanol (30ml). The elutant was then
evaporated to dryness in vacuo at 50 °C, and the residue
dissolved in 729 ethanol (30ml). This was filtered
through a column of Amberlyst A-15 in the Ht form
which removed interfering cations. The effluent from the
column was passed through a column of DEAE-Sepharose
CL-6B in the acetate form. Free bile acids passed directly
through this column and were recovered in the first frac-
tion (A). Glycine-conjugated and a small amount of the
free bile acids were eluted with 0.1 M acetic acid in 729%,
ethanol (B). The taurine-conjugated bile acids were eluted
with 0.15 M ammonium acetate (pH 6.6) in 729, ethanol
(C). The separation was quantitative with minimal overlap
between groups. The fractions were taken to near dryness
on a rotary evaporator,

Fractions A and B were dissolved in 0.1 M NaOH (10
ml) in saline. The mixture of fraction A and B was
allowed to flow through the column XAD-2 and after
elution with methanol (30 ml), the elutant was evaporated
to dryness. The residue was dissolved in water (10 ml),
and the solution passed over a column of CM-Cellulose
(1.0 g) in order to obtain the free acid from sodium salt.
The flask used in the evaporation was washed subsequently
with water (10 ml), ethanol (2 ml) and water (10 ml), and
then each fraction passed through the column. The final
volume of collected elutant was 30 ml. The solution was
evaporated to dryness in wvacuo.

Fraction C was dissolved in 7.5% NaOH (15ml), and
then hydrolyzed in a sealed tube at 120 °C for 4h, since
taurine-conjugated bile acids are unable to be esterified
with PNBDI. After the hydrolysis, the hydrolysate was
directly applied to the column of XAD-2, and the bile
acids extracted with methanol (30 ml). After evaporation
of the extract, the residue was dissolved in water (10 ml),
and passed through a column of CM-Cellulose. The
elutant was collected and evaporated to dryness. The
bile acids in the mixture of fraction A and B, and the
bile acids in fraction C were esterified with PNBDI in ¢-
butyl alcohol (1 ml) for 24 h at room-temperature, as shown
in Fig. 2.

The bile acid derivatives werc treated with 0.1 M HCI
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PROCEDURE

Sample

High Performance Liquid Chromatographic Analysis of Bile Acids 125

' difute 10 fold with 0.IM NaOH in saline
ultrasonication for I5 min.
Amberlite XAD-2 column
extract with methanol
evaporate to dryness
dissolve in 72% ethanol
Amberlyst A-15 column ( H*form )

DEAE-Sepharose CL-6B column ( Acetate form )

[
filtrate extract with O.IIM acetic acid
in 72% ethanol
(A) (B)
evaporate to dryness
dilute 10 hold with 0.IM NaOH
in saline

Amberlite XAD-2 column

extract with methanol

evaporate to dryness
CM-Cellulose column

| evaporate to dryness

Esterification with O-(p-nitrobenzyl)-
N, N -diisopropylisourea in t-butyl alcohol
for 24 h at room temperature

HPLC

Free and Glycine-conjugated bile acids

Fig. 1.

and water, and then analyzed by high performance liquid
chromatography.

Operating Conditions. The conditions are shown in
Table 1. The sample was injected with a microsyringe.

#NCH (CHy), Q@
OZNQCHzo—C/ + HO-C-R——————————

NNHCH (CH;),

0 NHCH {CHy),
ON CH,~0-C-R+0=C
“SNHCH {CH3),

Fig. 2. The esterification reaction of bile acids with
PNBDI.

TABLE 1. OPERATING CONDITIONS OF HIGH PERFORMANCE
LIQUID CHROMATOGRAPHY FOR THE DETERMINATION

OF BILE ACIDS

Varian LC 8500

uBondapak C;3 30 cmx 3.9 mm i.d.

Solvent A KH,PO, (0.01 M):
Methanol 1:1

Solvent B KH,PO, (0.01 M):
Methanol 1:4

Instrument
Column
Mobile phase

TFlow rate 60 ml/h

Temperature  ambient

Detector JASCO UVIDEC 100 UV 0.02 254 nm
Pressure 1250 psi

Recorder 10mV 2.5 mm/min

Initial b%, 65%, 0—80 min

Gradient b% 0.4%/min 80 min—final

extract with 0.15M ammonium acetate
in 72% ethanol { pH 6.6 )

(C)
evaporate to dryness
dissolve in 7.5% NaOH
Hydrolysis at I20°C' for 4 h (autoclaving)
Amberlite XAD-2 column
extract with methanol
evaporate to dryness
CM-Cellulose column
evaporate to dryness
Esterification with O-(p-nitrobenzyl)-
N, N -diisopropylisourea in t-butyl alcohol
for 24 h at room temperature

HPLC

Taurine-conjugated bile acids

The outline of analytical procedure of bile acids.

Results and Discussion

High Performance Liquid Chromatographic Analysis of Bile
Acids. The high performance liquid chromato-
graphic separation of the p-nitrobenzyl esters of the
individual free and glycine-conjugated bile acids is
shown in Fig. 3. The quantity of each bile acid was

60 120 180
Time (min)

Fig. 3. High performance liquid-chromatographic sep-
aration of individual free and glycine-conjugated bile
acids.

Bile acids

1. glycocholic acid GC

2. glycochenodeoxycholic acid GCDC
3. glycodeoxycholic acid GDC
4. cholic acid Cc

5. glycolithocholic acid GLC
6. chenodeoxycholic acid CDC
7. deoxycholic acid DC

8. lithocholic acid LC
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6 ug. FEach peak was identified by the addition of
the p-nitrobenzyl ester of each authentic bile acid
respectively. The separation between deoxycholic acid
and chenodeoxycholic acid however was not sufficient.
High Performance Liquid Chromatographic Analysis of
Bile Acids in Human Bile. Bile (1 ml), obtained
by autopsy from a patient with obstructive jaundice
due to cancer of pancreas head, was used in this experi-
ment. Figure 4 shows the chromatogram of the free
and glycine-conjugated bile acids in bile. The peaks
were identified by the retention times. Figure 5 shows
the chromatogram of taurine-conjugated bile acids in
human bile. Since taurine-conjugated bile acids were
hydrolyzed, each peak of the taurine-conjugated bile
acid appears as the peak of the corresponding free bile
acid. The concentration of individual bile acids in
human bile is shown in Table 2. The total bile acid
concentration in bile was 14.64 pM/ml, free 3.74 uM/
ml, glycine-conjugated 8.08 wM/ml, taurine-conjugated
2.82 uM/ml.  Accordingly glycine- and taurine-con-
jugated bile acids occupied 749, of the total bile acid
in this human bile. The ratio of glycine-conjugated
bile acid to taurine-conjugated bile acid (G/T) was 2.78.
The abbreviations of individual taurine-conjugated

bile acids are expressed as follows:

taurcholic acid (TC)

taurochenodeoxycholic acid (TCDCQ)

taurodeoxycholic acid (TDC)

taurolithocholic acid (TLC)

C+GC+TC
CDC+GCDC+TCDGC

=1.46

1h 2h 3h

Tig. 4. High performance liquid-chromatographic anal-
ysis of free and glycine-conjugated bile acids in hu-
man bile.

1h 2h 3h

Fig. 5. High performance liquid-chromatographic anal-
ysis of taurine-conjugated bile acid in human bile.
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TABLE 2. BILE ACID IN BILE OF A PATIENT WITH
OBSTRUCTIVE JAUNDICE DUE TO PANCREAS
HEAD CANCER

Concentration in bile

uM/ml
GC 4.93
GCDC 3.15
8.08
TC 1.89
TCDC 0.93
2.82
G 1.86
CcDC 1.88
374
Total 14.64
C GC TC
CDC 0.99 GCDC TCDC 2.0
GC+TC C+GC+TC 1 46
GCDC+TCDC CDC+GCDC+TCDC )
Conjugated G
== 0.74 — 2.78
Total T 2.7

Significantly it means in obstructive jaundice that
C+GC+TC
CDC+GCDC+TCDC

is greater than 1.0.

Conclusion

The procedures described here make possible the
individual separation of the conjugated and free bile
acids. However, in order to complete the separation
between DC and CDC in free bile acids, it is necessary
to examine the conditions of the mobile phase and
column. The investigation for the micro-determina-
tion of individual bile acids is in progress.

The development of the quantitative analysis of
individual conjugated and free bile acids by high
performance liquid chromatography may extend the
value of bile acid studies in the clinical investigation
of hepatobiliary disease.
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Synthetic Studies of Laurencin and Related Compounds. IV.” Synthesis
of cis-2-Ethyl-8-formyl-3,4,7,8-dihydro-2 H-oxocin-3-one 3-Ethylene
Acetal and Related Compounds

Tadashi MasamMuNE,* Hajime MAaTsUE, and Hisashi MURASE
Depariment of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060
(Received May 11, 1978)

The synthesis of cis-2-ethyl-8-formyl-3, 4, 7, 8-dihydro-2H-oxocin-3-one and its derivatives, key intermedi-
ates for synthesis of laurencin, from methyl 2-ethyl-2,5-dihydro-2-furoates is described. The structure and
configuration of these compounds and the synthetic intermediates are defined clearly on the basis of the

chemical and spectral evidence.

Laurencin® (1) and related compounds are a group
of naturally occurring halogeno compounds with
(a) medium-sized ether ring(s) as well as an enyne
moiety, and the structure and configuration have been
established well.®) In recent communications»* we
reported the synthesis of the title compound (2) and its
transformation into (=)-laurencin. The present paper
describes details of the synthesis of the key intermediate
(2) and related compounds.

0COCH.II i
BrTiN 0/ ) A
H
H
H
1
5
S
3 I
5) o7 "~CHO
\’0 21’
e
2
OQ “~C.H;
'l
C.H;
3a cis
3b irans

The synthesis of cis-2-ethyl-8-formylhydrooxocinone
cthylene acctal (2) and related compounds was carried
out in an analogous manner to that of the corre-
sponding ¢is- and {#rans-2,8-diethylhydrooxocinones®
(3a and 3b), and hence required preparation of 4-ethyl-
2-formyl-9-methyl-3-oxa-9-azabiocyclo[3.3.1] nonan-7-
ones or their synthetic equivalents, ¢.g., 2-acetoxymeth-
yl-4-ethyloxaazabicyclononanones (4). These relevant
intermediates were finally prepared by the Robinson-
Schopf condensation as described below.

The Birch reduction of 5-ethyl-2-furoic acid followed
by esterification produced a 1:1 mixture of methyl
cis- and trans-5-ethyl-2,5-dihydro-2-furoates® (5),
which were reduced with lithium aluminium hydride
to give the corresponding alcohols (6) in good yield.
The alcohols (6) were submitted to ozonolysis at —70 °C
in methanol, and the resulting dialdehyde mixture
was immediately treated with methylamine and ace-
tonedicarboxylic acid under the Robinson-Schépf

conditions (room temp, pH 5, 2d). Total basic
products were treated with acetic anhydride in pyri-
dine and then purified by chromatography, giving
a 3:2:1 mixture of the relevant oxaazabicyclononanones
(4a, 4b, and 4c) in 7.89%, yield from 6. Further puri-
fication by column chromatography and subsequent
preparative TLC effected isolation of each stereo-
isomer (4a), mp 76—78 °C, (4b), oil, and (4c), oil, in
2.2, 0.4, and 0.29, yields, respectively. In accordance
with the assigned (planar) structure, each compound
had the same molecular formula C,;H,,O,N, and dis-
played ester and ketone carbonyl bands near 1730 and
1710 cm=! and the same fragmentation peaks at mfe
225 (M+), 196, 138, 111, and 110 in the IR and mass
spectra. The configuration in question of these bi-
cyclononanones was elucidated on the basis of the
NMR spectra, which are summarized in Table 1 with
those of the related compounds, 2-(acetoxymethyl)-
oxaazabicyclononanones (7a and 7b) (¢f., Experi-
mental).

C:H; Y R
42 Ri=..GH, R®=..CH,0Ac 5 R=COOCH,
4b R!'=...G,H;, R*=—CH,0Ac (cis and trans)
4c Ri=—C,H,, R®*=...CH,OAc 6 R=CH,0H

7a R1:H, R2:---CH20AC
7a’ Ri=H, R?=...CH,OH
7b R1=H, R?=—CH,0OAc
7b’ R1=H, R2=—CH,OH

8 R!=R2=H

9a R!=R3=...C,H;

9b R!'=...C,H;, R*=—C,H;

(¢cis and trans)

As shown in Table 1, all compounds (4a—4c, 7a
and 7b) revealed the following coupling constants;
Jua=Js5,a=6Hz and [ ,=J56=0Hz. These
constants indicated that the dihedral angles between
the proton at C; (C;) and the equatorial and axial
protons at Cjg (Cg) would be about 90 and 30°, res-
pectively. Judging from these values as well as the
previous result,®? the piperidone ring would exist as
a slightly deformed chair form. On the other hand,
the coupling constants J; s, J1,20> J5,40s a0 J5 4, Were
small for these compounds. Such constants were
also observed in the NMR spectra of several 3-oxabi-
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cyclo[3.3.1Jnonane dcrivatives,®) which also adopt
a double-chair conformation. The spectral similarity
between these compounds, coupled with our previous
result on the conformation of 9-methyl-9-aza-3-oxa-
bicyclo[3.3.1]nonan-7-one (8) and its 2,5-diethyl
derivatives® (9a and 9b), indicated that all the com-
pounds would probably take a double-chair conform-
ation. This assignment was confirmed by the X-ray
crystallographic analysis of 2-acetoxymethyl-4-ethyl-
oxaazabicyclononanone (4a),? one of the most impor-
tant key compound; namely, in spite of the presence
of 2,4-diaxial substitutents, the compound (4a) exists
in the double-chair conformation, as illustrated in
Fig. 1.

IS Hax

H '
N Hax
N CH,

Fig. 1.

Stereochemistry of the substituent(s) at C, and/or
C, in compounds 4b, 4c, 7a, and 7b was deduced
from the chemical shift and signal pattern of the ethyl
methylene and acetoxymethyl methylene protons.
Signals due to the acetoxymethyl methylene protons
of 4a, 4b, and 7a were very similar each other; two
double doublets (one with J=1! and 5—6 Hz and
another with /=11 and 7.5—8 Hz, ¢f, Table 1) ap-
peared at 6 4.38 and 4.18, at § 4.69 and 4.22, and at

Tadashi Masamune, Hajime MATsur, and Hisashi Murask
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0 4.68 and 4.23, respectively. To the contrary, the
corresponding protons of 4c and 7b were observed as
broad singlets at higher field, § 4.00 and 3.98, respective-
ly. The striking difference in chemical shift and split-
ting pattern indicates that the acetoxymethyl methylene
protons of the former three oxaazabicyclononanones
(4a, 4b, and 7a) are disposed 1,3-diaxially with the
nitrogen lone pair electrons'® and free rotation of the
acetoxymethyl group would be hindered. The same
discussion holds for the ethyl groups of compounds
4a—4c, 9a, and 9b; absorption peaks due to the ethyl
methylene protons of 4a, 4¢, and 9a were observed
at lower field than § 1.58, while those of 4b and 9b
at higher field than § 1.40. In summary, all the
compounds in Table 1 are represented by the respec-
tive assigned configurations and conformations, which
would Dbe interpreted well as the result of interaction
between the ether oxygen and carbonyl carbon atoms.!)

Treatment of cis-2-acctoxymethyl-4-ethyloxaazabi-
cyclononanone (4a) with tosylhydrazine in acidic
tetrahydrofuran under reflux and then with methyl-
lithium in benzene and ether!® produced olefinic
alcohols (10), which were converted into a crystalline
mixture of methiodides (11a and 11b) in good yield.
The methiodides, when eluted through Amberlite
IRA-400 and then heated at 60—380 °C, underwent
the Hofmann elimination with concurrent facile 1,5-
sigmatropic hydrogen transfer to give a mixture of
dienamines (12a and 12b). The dienamine mixture,
without isolation, was hydrolyzed in 7%, fluoroboric
acid under reflux to yield a mixture of keto alcohols
(13a and 13b), which were purified by column chro-
matography to give 13a and 13b in pure state in 32

TaBLE 1. Tue NMR sPECTRA OF 9-METHYL-3-0xA-9-AzaBICYCLO[3.3.]]NONAN-7-ONES®)
Chemical shifts () Coupling constans (Hz)®®
Proton Compounds J Compounds
4a 4b 4c 7a 7b 4a 4b 4c 7a 7Tb
H, 3.12 br d 3.06 br d 3.10 br d 3.08 br d d0br d Jyee 1.5 05 — 0.0 —
H, 3.06 d 2.99 m 3.04br d 3.08br d 3.10br d J5;4 0.0 — 0.5 0.0 0.5
H,, 3.69 brdo d 3.83 brdo d — 3.80 do d — J1.2a — — 1.0 — 0.5
H,, 3.39 t — 3.56 do d 3.51 d 3.78 br d  Js.4a — 1.0 — 2.0 1.0
H,, — — 4.00 m — 3.98 m Juse 0.0 0.5 0.0 0.0 0.0
H,, — 3.80 br m — 403br d 3.8 brd J,. 0.0 1.5 0.0 0.0 0.0
H,, 2.18 d 2.23 d 2.19 d 2.20 d 2.16 br d J;5. 6.0 6.0 6.0 6.0 6.0
H,, 2.18 d 2.17 d 2.19 d 2.20 d 2.24br d J;6 6.0 6.0 6.0 6.0 6.0
H,, 2.80 do d 2.55 do d 2.75dod 2.53dod 2.72dod J,g 8 8 8
small small
5 6
CH,CH, 1.70 qui 1.38 m 1.58 — — Jom 7 8
7 6 -
CH,OAc 4.38 do d 4.69 do d 4.68 do d
4.00 br s 3.98 br s
4.18 do d 4.22 do d 4.23 do d

a) The spectra were measured in CDCI, at 100 MHz, and the abbreviations “H,, and Jy,;.” refer to “equatorial
proton at C, and coupling constant between H;, and H,,,”’ respectively.
(s), acetoxyl methyl (s) and ethyl methyl protons (t, J=6.5—7.0 Hz) fell within é 2.49—2.61, 2.02—2.05,

and 0.85—0.93, respectively.

b)

c) The coupling constans were estimated by first-order approximations.

The chemical shifts of N-CH,

d) The

geminal couplings followed as: Jgo.6p and Jga,se were 15—16 Hz for all compounds, Jsa,4. 11—11.5Hz for 7a
and 7b, and [,z (CH HzOAc) 11 Hz for 4a, 4b, and 7a, respectively.
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and 139, yields (from the total methiodides), respec-
tively. The structure of these ketones was assigned
on the basis of the spectral data.

CH
10 fta 47
1b  4°
- 74 \ N(CHa)z
(CHy):N 07 T"CH:.0H o "**CH:0H
i :
ol C:Hs
12a 12b

Compound 13a, C,;H;;O, [MS, mle 184 (MH)],
exhibited absorption maxima at 294 nm (e 147, sh),
303 (173), 312 (161), and 323 (84, sh) with enhanced
intensity due to the n-m* transition, characteristic
for B,y-unsaturated carbonyl chromophores, and those
at 3480 (OH), 1720 (C=0), and 1645 (C-C)cm—!
in the UV and IR spectra, respectively. Compound
13b also displayed essentially the same mass, UV, and
IR spectra as 13a, indicating both the compounds to
be isomers. The NMR spectra, coupled with the
spin decoupling studies, provided definite evidence
for disposition of the carbonyl groups in both the
compounds (13a and 13b). In the spectrum of 13a,
a double doublet (/=5 and 7 Hz) at §3.82 [C,H,-
CH(O)-] was simplified to a singlet on irradiation
at 4 1.70 (CH;CH,-), but remained unchanged on
that near 623 (-CH,CH=CH-). On the other
hand, a double double doublet (/=2, 6, and 12 Hz)
at 6 3.40 [C,H;CH(O)-] in the spectrum of 13b was
collapsed to a broad doublet (/=6 Hz) and to a double
doublet (/=6 and 12 Hz) on irradiation at & 1.62
(CH3;CH,-) and near §2.3 (-CH,CH=-CH-), res-
pectively. The result reveals the presence of partial

formulas C2H5(I1H(—O—)C(:O)— and C2H5(IJH—O—
CH,CH=CH- in 13a and 13b, respectively, confirm-

ing the aSSigned structures.
(Y
» 0 *CH.OR

Coll
13b R=H
15b R =Ac

13a R!=...G,H,, R?=—CH,0H
15a Ri=...G,H,, R2=—CH,0Ac
13c R'=—G,H,, R?=...CH,0H
14a R!=R2=...C,H,

14b R!=...GH,, R2=—C,H,

Repetition of the aforementioned sequence on a
2:2:1 mixture of the oxaazabicyclononanones (4a,
4b, and 4c), free from pure 4a, led to formation of a
mixture of f,y-unsaturated ketones, from which com-
pounds 13a and 13b and a new compound (13c) were
isolated in 6, 3, and 29, yields, respectively. Tte
compound (13¢) revealed essentially the same mass,
UV, and IR spectra as 13a, and also exhibited two
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characteristic double doublets (one with J=14 and
4 Hz and another with J=14 and 2 Hz) at 6 3.08 and
3.44 in the NMR spectrum. These signals are corre-
sponding to the following peaks due to the C,-protons
of 13a, cis- and trans-2,8-diethyltetrahydrooxocins®
14a and 14b: 13a, § 2.82 and 3.86 (each J=12 and
6 Hz); 14a, 62.77 and 3.82 (each /=13 and 6 Hz);
14b, §2.93 and 3.52 (J=16, 3 and 16, 2 Hz).9 The
spectral similarity indicated that the new compound
(13c) would be a stereoisomer of 13a. Indeed, com-
pound 13c¢ was converted by treatment with base under
mild conditions into 13a quantitatively. The low
yields of these unsaturated ketones would result from
difficult separation of the products and also incomplete
1,5-hydrogen transfer in aminodienes (to dienamines
corresponding to 12 derived from the trans-oxaaza-
bicyclononanones (4b and 4c).

Before proceeding with the synthesis, we examined
the stereochemistry of reduction of the carbonyl group
of the tetrahydrooxocinones. Compound 13a was
converted into the acetate (15a), which on treatment
with sodium borohydride gave hydroxy acetate (16)
in 609, yield as an isolable main product. The com-
pound (16) showed a double doublet (/=12 and 8 Hz)
at 6 2.62 in the NMR spectrum, which was attributed
to one of the C,-protons. In view of the different
signal pattern due to the corresponding proton of
laurencin (1) (6 3.2, do do d, /=3, 7, and 13 Hz),?
the alcohol (16) was suggested to possess all cis-con-
figuration concerning the substituents at C,, Cj, and Cg.
In order to ascertain this assignment, the isomeric
cis-2-hydroxymethyl-8-ethyltetrahydrooxocinone (13b)
was likewise converted into the acetate (15b) and
then reduced with the hydride reagent to give a
1:1 mixture of new hydroxy acetates (17a and 17b),
which could be isolated by column chromatography.
The NMR spectrum of more polar alcohol (17h)
revealed two characteristic peaks at 4 2.81 (do do d,
J=3, 7, and 13Hz) and 3.80 (do t, /=9, 3, and
3 Hz), which were ascribed to one of the C,-protons
and a proton on the carbon (C;) bearing the hydroxyl
group, respectively. These absorption patterns were
practically the same as those of the corresponding
protons (do do d, /=3, 7, and 13 Hz, and do t, J=
9, 3, and 3 Hz)? of laurencin (1). On the other hand,
the relevant proton at C, of less polar alcohol (17a)
appeared at 6 2.64 as a double doublet (/=12 and
8 Hz) in the spectrum. All these splitting patterns,
combined with the previous result [the C,-proton
in question of two reduction products, major (18a)
and minor (18b), from cis-diethyltetrahydrooxocinone
(14a) [62.63 (do d, /=8 and 12 Hz) for 18a, and
62.82 (do do d, J=3, 7, and 13 Hz) for 18b]® indicate
that all-cis assignment to the three substituents at

Ho O )

R' C.H
16 R'=C,H;, R2=CH,0Ac, 3«-OH 17a 3x-OH
18a R!=R?=C,H;, 3a-OH 17b 34-OH

18b Rl=R®=C,H,, 36-OH
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C;, C;, and Gy of alcohol 16 is correct. The pre-
dominant formation of all-cis-substituted alcohol (16)
would be convenient for substitution of the hydroxyl
group to a bromine atom with the desired configura-
tion by triphenylphosphine and carbon tetrabromide,
because the bromination usually proceeds in Sy2
manner.13)

Compound 13a was transformed into several deriva-
tives including the title compound (2). Acetalization
of 13a under usual conditions gave the ethylene
acetal (19) in quantitative yield. The NMR spectrum
revealed two double doublets (each J=13 and 8 Hz)
due to the Cy-protons at 62.89, indicating that the
double bond at C; and C; did not migrate during
the reaction. Oxidation of 19 with chromium(VI)
oxide and pyridine in dichloromethanel® afforded
crystalline aldehyde, the title compound (2), mp
73—74 °C, in quantitative yield, whose spectra were
completely consistent with the assigned structure.
On the other hand, treatment of 2 with 1 equiv of
1,2-ethanedithiol in the presence of boron trifluoride
in dichloromethane resulted in thioacetalization with
concomitant hydrolysis of the acetal group at Cj; to
give monothioacetal (20), showing a f,y-unsaturated
carbonyl band at 1720 cm~! in the IR spectrum.
The compound (20) also exhibited two double doublets
(each /=13 and 6 Hz) due to the relevant Cg-protons
at 62.86 and 3.82, indicative of retention of the
relative configuration of the substituents at C, and
Cg.%  The same treatment of 2 with 2 equiv of ethane-
ditiol led to formation of bis(dithioacetal) (21), while
the mono(dithioacetal) (20) was converted into acetal
dithioacetal (22), showing two double doublets (each,
J=13 and 9 Hz) at §2.15 and 2.89 in the NMR
spectrum. All these compounds (2, 20—22) possess
all functional groups convertible into those of laurencin
(1), and hence the present result implies the synthesis
of most appropriate intermediates leading to the natural
product (1) as described in the following paper.

,QR‘
R Y

’
’
C:lis

2 R!=OCH,CH,O, R?=—H, ...CHO
19 R!=OCH,CH,0, R*=—H, ...CH,OH
S—
20 R1=O, R*=—H, ..CH ‘
NS
7S—
21 R!=SCH,CH,S, R=—H, ...CH |
N
/S_
22 R!=OCH,CH,O, R*=—H, ...CH |
N

Experimental

All the mps and bps were uncorrected. The homogeneity
of each compound was always checked by TLC over silica
gel (Wakogel B-5) and/or GLC (Hitachi K-53) over 109
SE-30. Column chromatography was carried out over
silicic acid (Merck, Kieselgel 60, 70—230 mesh) and/or
alumina (Merck, standard, Active I and II—III). The

[Vol. 52, No. 1

UV, IR, and NMR (100 MHz) spectra were mcasured in
2,2,4-trimethylpentane, in liquid state, and in chloroform-d,
respectively, unless otherwise stated. The abbreviations s,
d, t, qo qui, m, br, do, and sh,” in the NMR and IR
spectra denote ‘‘singlet, doublet, triplet, quartet, quintet,
multiplet, broad, double, and shoulder,” respectively.
5-Ethyl-2,5-dihydrofurfuryl Alcohols (6). To a stirred
slurry of lithium aluminum hydride (LAH, 6g) in an-
hydrous ether (1.2 1) at 0 °C was added dropwise a solution
of methyl 5-ethyl-2,5-dihydro-2-furoates® (5, 28 g) in ether
(200 ml). The mixture was stirred at room temperature
for 20h, cooled, mixed with water (7.5ml), 30% aq
sodium hydroxide (7.5 ml) and then water (7.5ml). The
resulting inorganic salts were removed by filtration, and
the filtrate was dried over anhydrous sodium sulfate and
evaporated to leave oil, which was distilled to give 6 (11.3
g), bp 72—73°C/15 Torr; MS, mfe 128 (M*) and 99: IR
(CCly), vmax 3410, 1075, and 1030 cm—1; NMR, 4 0.90
and 0.91 (total 3H, each t, J=7 Hz, CH,CH,), 1.57 (2H,
qui, /=7 Hz, CH;CH,), 3.45 (1H, br, OH), 3.57 (2H, br
s, CH,OH), 4.85 (2H, m, 2H at C, and G;), 5.78 and
5.91 (2H, ABq, J=6Hz, 2H at C; and C,;). Found: C,
65.59; H, 9.47%,. Calcd for C,H;,0,: C, 65.59; H, 9.449%,.
(2R,4R )-, (2S,4R)-, and (2R ,4S)-2-Acetoxymethyl-4-ethyl-9-
methyl-3-0xa-9-azabicyclo[3.3.1nonan-7-ones (4a, 4b, and 4c).
Into a solution of 6 (29g) in methanol (300 ml) or di-
chloromethane (300 ml) containing three drops of pyridine,
cooled at —70°C in a Dry Ice-ethanol bath, was passed
ozonized oxygen gas, until the reaction mixture became
blue. The mixture, while still at —70——60°C, was
flushed with nitrogen for 10 min, when the blue color dis-
appeared. After addition of dimethyl sulfide (20 ml) at
the temperature, the mixture was stirred at —70——30 °C
for 30 min, then at ice-bath temperature for 2 h, and finally
at room temperature for 1h, and evaporated below 45 °C
to leave oily residue containing dimethyl sulfoxide, which
was treated with 259, aq acetic acid (40 ml) under reflux
for 45 min and cooled to room temperature. To the solu-
tion was immediately added an aqueous solution (300 ml)
containing sodium monohydrogenphosphate (4.25g) and
potassium dihydrogenphosphate (2.43 g), acetonedicarboxylic
acid (36 g) and methylamine hydrochloride (16g). The
whole solution was adjusted to pH 5 with 6 M aq sodium
hydroxide and stirred at room temperature for 2 d, the pH
being maintained at 5.0 by occasional addition of citric
acid. The solution was concentrated under reduced pressure
to one-half of the volume, made acidic strongly by addition
of concd hydrochloric acid and washed with ether (2x200
ml). The acidic aqueous solution was then made strongly
basic with concd aq potassium hydroxide and extracted with
chloroform (4x300ml). The chloroform solutions were
combined, dried and evaporated to leave oil (17.3 g). The
oil was passed through a short alumina column (Merck,
Active II—III, 60 g, benzene) to give oil (11.8 g), which
was treated with acetic anhydride (48 g) and pyridine (120
ml). The resulting acetate mixture (14g) was again
passed through a short alumina column (45g) to give oily
basic material (12.3 g), which was purified by chromato-
graphy over silica gel (Merck, 250 g, benzene : acetone=
10:1) to yield a 3 :2: 1 mixture (3.55 g) of 4a, 4b, and
4c (estimated by measurement of the NMR signals due to
the C,-protons). The mixture was further chromatographed
over silica gel to give crystalline base, which was recrystal-
lized from ether to yield 4a (1.0g), mp 76—78°C. This
was recrystallized from ether for analysis, mp 77—78.5 °C;
mass (the text); IR (Nujol), vy, 1730, 1710, 1240, 1160,
and 1038 cm~!; NMR (Table 1). Found: C, 60.98; H,
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836; N, 5.519.
8.29; N, 5.49°;.

A part (700 mg) of the residual oil (a 2:2:1 mixture
of 4a, 4b, and 4c), frec from purc 4a, was separated into
two fractions by rcpcatcd preparative TLC over silica gel
(benzene : acetone=9 : 1). Fractions (100 mg) with higher
R; value gave 4b (95 mg), oil, showing a single spot; MS
(the text), IR, wp.x 1730, 1710, 1240, 1160, and 1038
cm'; NMR (Table 1). Found: C, 61.28; H, 8.10; N,
5.31%. Galed for C,H,,O,N: C, 61.15; H, 8.29; N,
5.499%,. Fractions (520 mg) with lower R; value were again
purified by repeated preparative TLC (benzene : acetone=
9:1) to give 4c (40 mg), oil, showing a single spot; MS
(the text); IR, wy,y 1743, 1712, 1240, 1160, and 1038
cm?!; NMR (Table 1). Found: C, 60.99; H, 8.32; N,
5.61%. CGCaled for C;H,;O;Ng: C, 61.15; H, 8.29; N,
5.499,.

2,5-Dihydrofurfuryl Alcohol. To suspension of ether (I
1) and LAH (4.7 g) was added dropwise methyl 2,5-dihydro-
2-furoate (20 g) in ether (100 ml). The mixture was allowed
to stir overnight and then refluxed for 2h. To the mixture
were added water (5ml), 30% aq sodium hydroxide (5
ml) solwly. After removal of the resulting inorganic salts
by filtration, the filtrate was evaporated to leave oil, which
was distilled to give the alcohol (11.3 g), bp 51—52 °C/15
Torr; MS, m/e 83 (M*+—CH,OH); IR (CClL). vy.x 3400,
1090, and 1040 cm-1; NMR, ¢ 3.12 (1H, br s, OH), 3.45
(2H, m, CH,OH), 4.56 (2H, m, H at C;), 4.70 (1H, m,
H at C;), 5.74 and 5.90 (2H, ABq, J=6.5Hz, 2H at G,
and C,). Found: C, 59.87; H, 8.00%. Calcd for C;H O,:
C, 59.98; H, 8.05%.

2- Acetoxymethyl - 9 - methyl-3-0xa-9-azabicyclo [ 3.3.7] nonan-7-ones
(7a and 7b). Into a solution of 2,5-dihydrofurfuryl
alcohol (11.3g) and two drops of pyridine in dichloro-
methane (400 ml), cooled at —60——70°C, was passed
ozonized oxygen, and the resulting blue reaction mixture
was flushed with nitrogen at the temperature for 15 min.
After addition of dimethyl sulfide (10 ml) at —60 °C, the
mixture was stirred at —10°C for 1h, then at ice-bath
temperature for 1h and, finally, at room temperature for
1 h, washed with water (2x50 ml) and dried over sodium
sulfate. No reaction product was obtained after removal
of the dichloromethane. The aqueous washings were mixed
with an aqueous solution (1.8 1) containing sodium mono-
hydrogenphosphate (25.6 g), potassium dihydrogenphosphate
(15 g), methylamine hydrochloride (26.4 g) and acetonedi-
carboxylic acid (53.2g). The whole solution was adjusted
to pH 5 by addition of 409, aq sodium hydroxide, and
then stirred at room temperature for 2 d, the pH being
maintained at 5.0 by occasional addition of citric acid.
After being concentrated to one-half of the volume, the
solution was made strongly acidic by addition of concd
hydrochloric acid and washed with ether 2x 200 ml). The
aqueous solution was then made basic strongly with concd
aq potassium hydroxide and extracted continuously with
chloroform (1.61) for 48h. The chloroform solution was
washed with water, dried and evaporated to give oily residue
(34.1 g), showing several spots on TLC (benzene : acetone =
3:1). The residue was separated into two fractions by
column chromatography over alumina (500g, benzene :
methanol=60 : 5). Early fractions, eluted with benzene,
gave 2-methylene-9-methyl-3-oxa-9-azabicyclo[3.3.1]nonan-7-
one (23, 9.3 g), oil, showing a single spot on TLC; MS,
mle 167 (Mt), 124, and 110; IR, vn,,: 1710, 1660, 1130,
1070, 1020, and 915cm~'; NMR, ¢ 2.34 and 2.40 (each
1H, br d, J=16Hz, Hg and Hg,), 2.60 (3H, s, NCH,),
2.78 and 2.82 (each 1H, do d, J=16 and 6 Hz, Hg, and

Caled for C,;H, O,N: C, 61.15; H,
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Hg.), 3.12 and 3.48 (each 1H, br d, /=6 Hz, H; and H,),
3.80 and 4.19 (each 1H, br d, J=11Hz, 2H at C,), 4.25
and 4.50 (each 1H, ABq, J=9 Hz, CH,=C,). Rechromato-
graphy of the oil under the same conditions afforded an

analytical sample of 23. Found: C, 64.65; H, 7.84; N,

7.83%. Caled for CH,;O,N: C, 64.85; H, 8.07; N,
7.03%,.

Later fractions, showing two major spots on TLC
(benzene : acetone=3 : 1), gave oily substance (7.3 g), which

was treated with acetic anhydride (30 ml) and pyridine
(50 ml) at room temperature for 24h. The acetates (7.8
g) were separated by chromatography over silica gel with
benzene and acetone (9:1) to yield crystalline acetate
(7a, 1.12¢g), mp 105.5—108 °C, as an initial eluate. Re-
crystallization from hexane and ethanol gave an analytical
sample of 7a, mp 108—109 °C; MS, m/e 227 (M™), 168,
124, and 110; IR (CHCl,), vn,x 1730, 1710, and 1230
cml; NMR (Table 1). Found: G, 57.83; H, 7.50; N,
6.14%,. Caled for C,;H,;O,N: C, 58.13; H, 7.54; N,
6.16%. Oily acetate (7b), showing a single spot on
TLC, was then eluted and purified by rechromatography
to give an analytical sample of 7b; MS, m/e 227 (M),
168, 124, and 110; IR (CHCl,), vnh.x 1730, 1710, and
1220 cm-1; NMR (Table 1). Found: C, 57.83; H, 7.50;
N, 6.149,. Caled for C,,H,;0O,: C, 58.13; H, 7.54; N,
6.16%,.

Acetates 7a and 7b were converted into the correspond-
ing alcohols (7a’ and 7b’) by the method described below.
To an ice-cooled solution of 7a (280 mg) in ethanol (25
ml) was added sodium borohydride (NBH, 50 mg), and
the mixture was stirred for 4 h at 0°C. After addition of
acetic acid (100 mg) and one drop of concd hydrochloric
acid to decompose excess of NBH, the mixture was con-
centrated, made basic with aq sodium hydroxide and ex-
tracted with chloroform (2x40 ml). The chloroform solu-
tion was worked up as usual to give 7a’ (168 mg), which
crystallized on trituration with ether and then recrystallized
from ether to yield an analytical sample of 7a’, mp 100—
102 °C; MS, m/e 185 (M), 154, 128, and 110; IR (CHCI,),
rmax 3330, 1710, 1100, and 1060 cm—1; NMR, § 2.26 (2H,
d, J=15Hz, Hg, and Hg,), 2.60 (3H, s, NCH,), 2.75 and
2.80 (each 1H, do d, J=15 and 6 Hz, Hy, and Hg,), 3.58
(1H, d, J=11Hz, H,), 3.65 (1H, do d, J=4 and 6 Hz,
H,.), 3.87 and 4.15 (each 1H, do d, J=4, 12 and 6, 12
Hz, CH,OH), and 4.23 (1H, br d, /=11 Hz, H,,). Found:
C, 58.11; H, 8.23; N, 7.439%,. CQalcd for C,H;;O;N: C,
58.36; H, 8.16; N, 7.56%.

The isomeric acetate (7b, 240 mg) was converted into the
alcohol (7b’, 130 mg), oil, in the same manner as described
above, and showed the following spectra; MS, mje 185
(M+), 154, 128, and 110; IR (CHCI,), vmax 3330, 1710,
1100, and 1060 cm—'; NMR, 6 2.22 and 2.25 (each 1H,
br d, J=15Hz, Hg and Hg,), 2.62 (3H, s, NCH,), 2.67
and 2.71 (each 1H, do d, /=15 and 6 Hz, Hg, and Hg,),
3.13 (2H, br d, J=6Hz, 2H at C, and GC;), 3.60 (3H,
m, H,, and CH,OH), 3.79 and 3.93 (each 1H, br d, j=
11 Hz, Hye and Hg,).

2-Hydroxy-2,9 - dimethyl- 3 -o0xa-9-azabicyclo[3.3.1] nonan-7-one

oy
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(24). This compound was isolated in one run of the
preceding Robinson-Schépf condensation experiments, and
the structure was confirmed by the hydration of 23 des-
cribed below. Compound 23 (90 mg) in chloroform (30 ml)
was treated with concd hydrochloric acid (2 ml) at room
temperature for 20 min. After removal of the chloroform
and subsequent addition of water (5ml), the resulting
aqueous solution was made basic with 6 M aq sodium
hydroxide and extracted with chloroform (2x20 ml). The
chloroform solution was worked up as usual to give cry-
stalline alcohol (24, 7] mg), mp 97—99°C; MS, m/e 185
(M+) and 142; IR (CHC,), vmax 3420, 1715, 1070, 1020,
and 915cm-!; NMR, § 1.30, (3H, s, CH,; at G,), 2.19
(2H, br d, J=15Hz H,, and Hg,), 2.52 and 2.63 (each
IH, br do d, J=15 and 6 Hz, Hg, and Hg,), 2.55 (3H,
s, NCH,), 2.99 (IH, d, J=11 Hz, H,.), 4.12 (1H, do do
d, Jj=1, 2.5, and 11 Hz, Hy,), and 4.95 (1H, br, OH).
An analytical sample of 24 was prepared by recrystalliza-
tion from cther and hexane, mp 100—101°C. Found: C,
58.14; H, 8.19; N, 7.699%,. Caled for C,H,;0,N: C, 58.36;
H, 8.16; N, 7.56%.

cis-3-Ethyl- 2-hydroxymetlyl-9-methyl-3-0xa-9-azabicyclo[ 3.3.1]-
nonenes (10). A solution of 4a (2.98g) and tosyl-
hrydrazine (3.64¢g) in THF (70 ml) containing a few drops
of concd hydrochloric acid was heated under reflux for 12
h in a three-necked flask, fitted with a condenser and a
magnetic stirring bar. After addition of benzene (250 ml)
and removal of the condenser, the solution was concent-
rated to 70—80 ml, when the temperature of distillates had
became near 80°C, and then cooled in an ice-bath. To
the concentrated solution was slowly added a solution of
methyllithium, prepared from lithium (2.0g) and methyl
iodide (13 ml), in ether (210 ml). The whole mixture
was stirred at room temperature for 20 h, and then washed
with water. The aqueous washings were extracted with
chloroform. All the organic (ether, benzene, and chloro-
form) solutions were combined, dried and evaporated to
leave crude olefinic alcohol (3.1g), most of which was
used for the next reaction without further purification. A
part of the crude sample of 10 was purified by preparative
TLC (benzene : acetone=1:1) to give an almost pure
sample, showing the following spectra; v, 3395, 1120, 1092,
1054, and 1040 cm~'; NMR, ¢ 0.96 (3H, t, /=7 Hz, CH,-
CH,), 1.62 (2H, m, CH,CH,), 2.40 and 2.42 (total 3H,
each s, NCH,), and 5.75 (2H, br m, W=7 Hz, CH=CH).

cis-2-Ethyl-8-hydroxymethyl- and  cis-8-Ethyl-2-hydroxymethyl-
3,4,7,8-dihydro-2H-oxocin-3-vnes (13a and 13b), and Their
Acetates (15a and 15b). 1) A solution of the crude
olefinic alcohol (10, 3.0 g) in ethanol (80 ml) was refluxed
with methyl iodide (62 ml) for 2h and then evaporated to
leave crystalline methiodides (3.65 g). Recrystallization from
ethanol afforded a 1 : 8 mixture (crystals A, 1.33 g) of the
methiodides (1la and 11b), mp 213—124 °C, as the first
crop; MS, m/e 197 (M+—CH,l), 142, 127, 108, and 94;
IR (Nujol), vmax 3330, 1200, 1172, 1140, 1108, 1045, and
995 cm~!'; NMR (D,0), ¢ 1.28 (3H, t, /=7 Hz, CH,CH,),
2.05 (2H, m, CH,CH,), 3.42 and 3.76 (each 3H, s,
2NCH,), and 6.3 (2ZH, m, Wx=7Hz, CH=CH). Found:
C, 42.24; H, 6.56; N, 3.29; I, 37.199%. Calcd for C;,H,;-
O,NI: C, 42.47; H, 6.48; N, 3.13; I, 37.45%,.

An aqueous solution (20 ml) of crystals A (1.30g) was
passed through a column of Amberlite IRA-400 (basic form).
The eluate was collected until it was no longer alkaline
and evaporated under reduced pressure below 45°C. The
residual quaternary methohydroxides were decomposed by
heating at 60—80 °C under reduced pressure for 45 min to
give oil, which was extracted with ether (100 ml) and
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chloroform (100 ml). The solutions werc combined, dried
and evaporated to yield a 1:8 oily mixture (0.86g) of
cis-2-ethyl-8-hydroxymethyl-3-dimethylamino- and ¢is-
8-ethyl-2-hydroxymethyl - 3 - dimethylamino-7,8 - dihydro - 2H-
oxocins (12a and 12b); IR, v,y 3420, 1604 (dienamine),
1140, 1115, 1103, 1078, and 1043 cm~1'; NMR, § 0.96 (3H,
t, J=7Hz, CH,CH,), 2.56 [6H, s, N(CH,),], 5.08 and
5.24 [total 1H (1: 8), each d, J=4Hz, H at C,], 5.76
(IH, m, H at C;), and 6.16 (IH, do d, J=4 and 10 Hz,
H at G).

The mother liquors, obtained on removal of crystals A,
were evaporated to give an 8 : 1 semi-crystalline mixture
(crystals B, 2.20g) of 1la and 11b, which was submitted
to the same treatment as crystals A to yield an 8:1 oily
mixtre (1.94g) of 12a and 12b; IR, v,,, 3420, 1064
(dienamine), 1140, 1115, 1103, and 1078 cm-'; NMR, ¢
1.00 (34, t, J=7 Hz, CH,CH,), 1.72 (2H, m, CH,CH,),
2.56 [6H, s, 2N(CH,),], 5.08 and 5.24 [total 1H (8 : 1),
each d, J=4Hz, H at C,], 5.70 (IH, m, H at C;), and
6.18 (1H, do d, J=4 and 10Hz, H at C;).

2) An aqueous solution (7 ml) of the 1 : 8 mixture (0.85
g) of 12a and 12b, obtained from crystals A, was refluxed
with 429 fluoroboric acid (1.5 ml) for 15 min. The reac-
tion mixture was cooled, ncutralized with saturated aq
sodium hydrogencarbonate, and extracted with ether (2Xx
100 ml) and dichloromethene (2x 200 ml). The combined
organic solution was dried and evaporated to leave oil
(601 mg), showing two spots on TLGC (benzene : ethyl
acetate=3 : 1). The oil was separated roughly into three
fractions by column chromatography over silica gel (20g,
benzene : ethyl acetate=7 : 1). More mobile fractions gave
13b (180 mg), oil, showing a single spots; MS, m/e 184
(M+), 155, and 125; UV, Amez 304 nm (¢ 132) (sh), 312
(165), 321 (161), and 332 (95) (sh); IR; w»max 3480,
1718, 1642, 1115, and 1055 cm='; NMR, 6 1.00 (3H, t,
J=7Hz, CH,CH,), 1.62 (2H, m, CH,CH,), 2.40 (3H,
m, 2H at C, and OH), 2.86 and 3.96 (each 1H, do d,
J=12 and 6Hz, 2H at C;), 3.40 (1H, do do d, j=12,
6, and 2Hz, H at Cg), 3.80 (2H, m, CH,OH), 4.00 (IH,
do d, /=5 and 7Hz, H at G,), and 5.70 (2H, m, 2H at
C; and Cg). An analytical sample of 13b was obtained
by rechromatography over silica gel. Found: C, 64.94;
H, 8.65%. Caled for C,,H,s0,: C, 65.19; H, 8.75%.
Middle fractions (99 mg) was found to be a 1:1 mixture
of 13a and 13b. Less mobile fractions afforded 13a (43
mg), showing a single spot, oil; MS, m/e 184 (M*), 155,
and 125; UV (the text); IR, vy,; 3480, 1720, 1645, 1115,
1095, and 1055cm—!; NMR, & 1.00 (3H, t, J=7Hz,
CH,CH,), 1.70 (2H, m, CH,CH,), 2.30 (3H, m, 2H at
C;, and OH), 2.82 and 3.86 (cach 1H, do d, J=12 and
6 Hz, 2H at Cy), 3.62 (3H, m, H at C; and CH,OH),
3.82 (IH, do d, J=7 and 5Hz, H at G,), and 5.70 (2H,
m, 2H at C; and Cg). The oil was rechromatographed
over silica gel for analysis. Found: C, 65.33; H, 8.95%,.
Caled for C;)H,;0,: C, 65.19; H, 8.75%,.

An aqueous solution (10 ml) of the 8 : 1 mixture (1.93
g), of 12a and 12b, obtained from crystals B, was likewise
treated with 429, fluoroboric acid (2 ml) under reflux for
15 min. The reaction mixture was cooled, neutralized with
saturated aq sodium hydrogencarbonate, and extracted with
ether (2x200ml) and then with chloroform (2x200 ml).
The combined organic solution was worked up as usual to
leave oil (954 mg), which was purified by repeated chro-
matography over silica gel (25g) with benzene and ethyl
acetate (8 : 1) to yield 13a (181 mg) and 13b (24 mg) in
pure state with a 1: 1 mixture (48 mg) of 13a and 13b.

3) Compound 13a (62 mg) was treated with acetic an-
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hydride (0.6 ml) and pyridinc (1 mi) at room tcmperaturc
overnight. The solution was poured into ice-water (5 ml)
and extracted with ether (2Xx200ml). The ether solutions
were combined, washed with 2 M hydrochloric acid (2x 10
ml) and water (2X10ml), dricd and cvaporated to leave
oil (15a, 69mg), showing a single spot; IR, v, 1750,
1725, 1230, 1115, and 1040 cm-1; NMR, 6 1.00 (3H, t,
J=7Hz, CH,CH,), 1.64 (2H, m, CH,CH,), 2.10 (3H, s,
OCOCHy), 2.30 (2H, m, 2H at C;), 2.80 (IH, do d, J=
12 and 6 Hz, H at C,), 3.68 (1H, m, H at G;), 3.76 (1H,
do d, /=7 and 4Hz, H at C,), 3.84 (1H, do d, J=12
and 6Hz, H at G,), 4.15 (2H, m, CH,OCOCH,), and
5.75 (2H, m, 2H at C; and Cy).

Compound 13b (104 mg) was likewise converted into the
acetate (15b, 110mg); IR, v, 1750, 1725, 1225, and
1115 cm~t; NMR, é 1.00 (3H, t, /=7 Hz, CH,CH,), 1.56
(2H, m, CH,CH,), 2.05 (3H, s, OCOCH,), 2.31 (2H, m,
2H at C;), 284 (2H, do d, J=6 and 12Hz, H at C,),
3.3¢ (1H, m, H at G;), 3.99 (1H, do d, /=6 and 12Hz,
H at C,), 4.23 (3H, m, H at C, and CH,OCOCH,), and
5.78 (2H, m, 2H at C; and C,).

trans-2-Ethyl-8-hydroxymethyl-3,4,7 8- dildro- 2H - oxocin-3 - one
(13c). The 2:2: 1 mixture (16g) of oxaazabicyclo-
nonanoncs 4a, 4b, and 4c, described in the previous section,
was transformed in almost the same manner as 4a to give
a mixture of tetrahydrooxocinones, from which 4a (0.6 g),
4b (0.3g), and a new compound (13¢, 0.2 g) were isolated
by repeated chromatography. Compound 13c showed the
following spectra: MS, mfe 184 (M*), 155, and 125; UV,
Amax 292 nm (¢ 80), 303 (95), 313 (85), and 324 (40) (sh);
IR, vmax 3360, 1715, 1665, 1110, and 1050 cm~t; NMR,
6 1.02 (3H, t, J=7 Hz, CH;CH,), 1.71 (2H, m, CH;CH,),
2.15 (3H, m, 2H at C, and OH), 3.08 and 3.44 (each
1H, do d, J=14, 5 and 14, 2Hz, 2H at C,), 3.52 and
3.76 (each 1H,dod and d, j=11, 7 and 11 Hz, CH,OH),
3.93 (1H, m, H at Cg), 3.96 (1H, do d, J=5 and 7 Hz,
H at C,;), and 5.65 (2H, m, 2H at C; and C;). An analy-
tical sample of 13¢c was prepared by rechromatography over
silica gel. Found: C, 64.92; H, 8.16%. Calcd for C,y-
H,O,: C, 65.19; H, 8.75%,.

Compound 13c¢ (9mg) was stirred with 5%, potassium
hydroxide in methanol (4 ml) at room temperature for 20
min. The solution was diluted with water (20ml) and
extracted with ether (2x30ml). The ether solution, after
being worked up as usual, afforded oil (8 mg), which was
identical with 13a in all respects (TLC, IR, and NMR).

8-Acetoxymethyl-2-ethyl-3,4,7 ,8-tetrahydro-2H-oxocin-3-0l (16).
Compound 15a (72 mg) in methanol (12ml) was reduced
with sodium borohydride (NBH, 50mg) at 0°C for 40
min. The solution was made acidic with 2 M hydrochloric
acid, concentrated and extracted with ether. The ether
solution, after usual work-up, left oil (65 mg), which was
purified by chromatography over silica gel (2g) with
benzene and ethyl acetate (6 : 1) to give 16 (36 mg), oil,
showing a single spot on TLC; MS, m/e 170, 168 (M+—
CH,COOH), 125, and 116; IR, »p,; 3400, 1745, 2130,
and 1035 cm-!; NMR, ¢ 0.96 (3H, t, /=7 Hz, CH,CH,),
1.55 (2H, m, CH,;CH,), 1.85 (1H, s, OH), 2.96 (3H, s,
OCOCH,), 2.29 (3H, br m, 3H at C; and C;), 2.62 (1H,
do d, J=12 and 8Hz, H at C;), 3.43 (1H, do do d, J=
8, 5, and 1.5Hz, H at G,;), 3.67 (2H, m, 2H at C; and
Cq), 4.08 (2H, m, CH,OCOCH;), and 5.78 (2H at C;
and C;). The sample was rechromatographed for analysis.
Found: C, 63.25; H, 8859, Caled for C,H,,O,: C,
63.13; H, 8.839%,.

2-Acetoxymethyl-8-ethyl-3,4,7 ,8-tetrahydro-2H-oxocin-3-0ls (17a
and 17b). Compound 15b (120 mg) was reduced with
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NBH (68 mg) in methanol (15ml) at 0 °C for 40 min. The
reaction mixture was made acidic (pH 4—5) with 2M
hydrochloric acid, concentrated and extracted with ether
(2x50 ml). The ether solution was worked up as usual to
leave oil (114 mg), showing two spots on TLGC, which was
separated roughly into three fractions by column chromato-
graphy over silica gel (3 g, benzene : ethyl acetate =7 : 1).
Fractions with higher R value gave 17b (25mg), oil, showing
a single spot; MS, m/e 170, 168 (M+—CH,COOH), 125,
and 116; IR, »,,, 3480, 1745, and 1235 cm-1; NMR, ¢
0.96 (3H, t, J=7Hz, CH,CH,), 1.46 (2H, m, CH,CH,),
2.05 (3H, s, OCOCH,), 2.06 (IH, s, OH), 2.26 (3H, br
m, 3H at C; and G,), 2.64 (I1H, do d, J=12 and 8Hz,
H at G,), 3.03 (IH, m, H at Gg), 3.78 (2H, m, 2H at
C, and G;), 4.16 (2H, m, CH,0OCOCH,), and 5.76 (2H
at C; and Cg). Rechromatography afforded an analytical
sample of 17b. Found: C, 62.91; H, 8.90%. Calcd for
C.H,,0,4: G, 63.13; H, 8.83%,. Middle fractions (38 mg)
were a 1 : 1 mixture of 17b and 17a.

Fractions (24 mg) with lower R; value gave 17a (24 mg),
oil, showing a single spot: MS, mfe 170, 168 (Mt—
CH,;COOH), 125, and 116; IR, v,,, 3480, 1740, and
1230 cm~1; NMR, § 0.96 (3H, t, J=7Hz, CH,CH,), 1.47
(2H, m, CH,CH,), 2.07 (3H, s, OCOCH,), 2.08 (I1H, s,
OH), 2.26 (3H, br m, 3H at C, and C,), 2.81 (1H, do
do d, J=3, 7, and 13 Hz, H at C,), 3.30 (IH, m, H at
Cs), 3.50 (1H, do d, J=4.5 and 9Hz, H at G,), 3.80
(IH, do t, J=9, 3, and 3Hz, H at C,;), 4.24 (2H, d, J=
4.5Hz, CH,OCOCH,), and 5.83 (2H, m, 2H at C; and
C¢). An analytical sample of 17a was prepared by re-
chromatography. Found: C, 63.25; H, 8.809%,. Calcd for
C:H,,0,4: C, 63.13; H, 8.839%.

cis-2-Ethyl-3,3-ethylenedioxy-8- hydroxymethyl- 3,4,7 ,8 - tetrahydro-
2H-o0xocin (19). Compound 13a (35mg) in benzenc
(13 ml) was refluxed with ethylene glycol (30 mg) and p-
toluenesulfonic acid (2mg) for 18 h, water being removed
by azeotropization. The solution was worked up as usual
to give 19 (34 mg), oil; MS, m/e 228 (M), 130, and 125;
IR, vmax 3460, 1160, 1120, and 1022 cm-*; NMR, ¢ 1.00
(3H, t, J=7 Hz, CH,CH,), 1.46 (2H, m, CH,CH,), 2.00
(IH, do d, J=13 and 8Hz, H at C,), 2.32 (3H, m, 2H
at C, and OH), 2.89 (IH, do d, /=13 and 8Hz, H at
Cy, 3.60 (2H, br s, CH,OH), 3.63 (2H, m, 2H at C,
and GCg), 3.98 (4H, m, Wy=10Hz, OCH,CH,0O), and
5.83 (2H, m, 2H at C; and C;). An analytical sample
was prepared by rechromatography. Found: C, 63.35; H,
8.759%,. Calcd for C,,H,,0,: C, 63.13; H, 8.83%,.

cis-2-Ethyl-3,3-ethylenedioxy-3,4,7 ,8-tetrahydro-2H-oxocin-8-carb-
aldehyde (2). A viscous mixture, prepared by addition
of chromium(VI) oxide (1.0g) to anhydrous pyridine (1.6
g) in dichloromethane (25 ml) under stirring, was stirred
at room temperature for 15 min. To the mixture was added
a solution of 19 (0.40 g) in dichloromethane (5ml), when
a tarry black deposit separated immediately. The whole
mixture was further stirred for 15 min at room temperature
and then decanted. The supernatant solution thus obtained,
was washed with 5%, aq sodium hydroxide (3 x 10 ml) and
5%, hydrochloric acid (20 ml), dried and evaporated to
yield crystalline aldehyde (2, 0.39g), mp 71—73 °C, which
was recrystallized from ether and hexane to give 2 (0.35 g),
mp 73—74°C: MS, m/e 197 M*+—CHO) and 168; IR
(Nujol), 7max 2820, 1735, 1160, 1140, 1110, and 1025 cm-1;
NMR, 6 099 (3H, t, J=7Hz, CH,CH,), 1.55 (2H, m,
CH,CH,), 2.20 and 2.88 (each 1H, do d, j=13, 6 and
13, 8Hz, 2H at C;), 2.41 (2H, m, 2H at C;), 3.64 (IH,
do d, =8 and 5Hz, H at C,), 3.70 (1H, t, J=6Hz, H
at Gg), 3.99 (4H, m, OCH,CH,O), 5.83 (2H, m, 2H at
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Cs; and Gg), and 9.76 (IH, s, CHO). Found: C, 63.88;
H, 7.99%. Calcd for C,H;sO,: C, 63.70; H, 8.02%,.
cis-2-Ethyl-8-( ethylenedioxymethyl)-3,4,7 ,8-tetrahydro -2H-oxocin-
3-one (20), and ILis 3,3-Ethylenedithio-(21) and 3,3-Ethylenedioxv-
(22) Derivaiives. A solution of 2 (181 mg) and 1,2-
ethanedithiol (74 mg, 1 equiv) in dichloromethane (30 ml)
was treated with boron trifluoride etherate (74 mg) for 3h
at 0°C, and then poured into 5% aq sodium hydrogen-
carbonate. The dichloromethane solution was washed with
saturated brine (2Xx 10 ml), dried and evaporated to leave
oil, showing three spots on TLC. The oil was separated
into three fractions by column chromatography over silica
gel (5g, benzene). Fractions with higher R; value gave
21 (11 mg), oil, showing a single spot on TLC; MS, m/e
334 (Mt) and 305; IR, vy, 1099, 1065, and 1025 cm-1;
NMR, § 1.12 (3H, t, J=7Hz, CH,CH,), 1.85 (2H, m,
CH,;CH,), 2.31 (IH, do d, J=12 and 8Hz, H at C,),
2.56 (2H, m, 2H at C,), 3.24 and 3.28 (each 4H, br s,
25CH,CH,S), 3.31 (1H, do d, /=12 and 8 Hz, H at C,),
3.51 (IH, m, H at Cg), 3.70 (1H, do d, J=9 and 2Hz,
H at G,), 4.65 (1H, d, J=6 Hz, SCHS), and 5.88 (2H,
m, 2H at C; and GCg). The compound was obtained from
2 in 809 yield, when 2 equiv of ethanedithiol was used.

Middle fractions gave 20 (122 mg), oil, showing a single
spot on TLC; MS, mfe 258 (M+*) and 229; IR, v,,. 1720,
1645, 1100, and 1020 cm~1; NMR, é 1.00 (3H, t, J=7 Hz,
CH,CH,), 1.70 (2H, qui, J=7Hz, CH,CH,), 2.45 (2H,
do d, /=7 and 4Hz, 2H at C;), 286 (1H, do d, J=13
and 6 Hz, H at C,), 3.21 (4H, s, SCH,CH,S), 3.34 (IH,
do d, /=7 and 4Hz, H at Cg), 3.80 (1H, t, J=7Hz, H
at Gy), 3.82 (IH, do d, J=13 and 6Hz, H at C,), 4.58
(IH, d, J=8Hz, SCHS), and 5.70 (2H, m, 2H at C; and
Ce)-

Fractions with lower Ry value afforded 22 (30 mg), oil,
showing a single spot; MS, me 302 (M%) and 273; IR,
Vmax 1159, 1130, 1103, and 1020 cm—t; NMR, & 1.04 (3H,
t, J=7Hz, CH,CH,), 1.54 (2H, qui, J=7 Hz, CH,CH,),
2.15 (1H, do d, J=13 and 6 Hz, H at C,), 245 (2H, m,
2H at C;), 2.89 (1H, do d, J=13 and 9Hz, H at C,),
3.20 (4H, s, SCH,CH,S), 3.44 (1H, do do d, =8, 6.5,
and 3 Hz, H at Gg), 3.63 (1H, t, J=7Hz, H at G,), 3.95
(4H, m, OCH,CH,O), 4.62 (1H, d, J=7 Hz, SCHS), and
578 (2H, m, 2H at C; and C;). The compound (22)
was obtained from 20 in 659 yield by the procedure
similar to that used for the conversion of 13a into 19.
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Synthetic Studies of Laurencin and Related Compounds. V.?
Transformation of cis-2-Ethyl-8-formyl-3,4,7,8-dihydro-2H-oxocin-3-one
3-Ethylene Acetal into (+)-Laurencin

Tadashi Masamung,* Hisashi Murase, Hajime MATsug, and Akio MURral
Department of Chemistry, Faculty of Science, Hokkaido Uuiversity, Sapporo 060
(Received May 11, 1978)

Transformation of the title starting material into (+)-laurencin, which implies synthesis of the natural
product, is described. The structure and configuration of synthetic intermediates are defined on the basis

of the spectral evidence.

In the preceding paper!) we reported the synthesis
of cis-2-ethyl-8-formyl - 7,8-dihydro-2H-oxocin-3(4H)-
one 3-ethylene acetal (1). The present paper describes
transformation of the aldehyde (1) into (=)-laurencin
(£-2),2» which constitutes the first synthesis®® of a
representative member of a group of naturally occur-
ring halogeno compounds with (a) medium-sized cyclic
ether skeleton(s) as well as an enyne moiety.?
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The transformation requires (i) conversion of the
Cs-carbonyl group protected as the ethylene acetal
in 1 into a bromine atom with the desired configuration
(trans to the Cy-ethyl group), and (ii) that of the Cg-
formyl into a l-acetoxy-3-hexen-5-ynyl group (3). The
former transformation (i) would probably proceed
smoothly, apart from the yield, as had been illustrated
in the synthesis of ¢-3-bromo-r-2,¢-8-diethyl-3,4,7,8-
tetrahydro-2H-oxocin? (3). On the other hand, many
preparative methods for enyne units (-CH=CH-C=CH)
have recently been reported,® because the groups are
characteristic of a number of natural products. A
survey of literatures reveals that procedures applicable
to the latter transformation (ii) are classified into three
categories as shown in Scheme 1. The first route
(iia) consists of at least two steps and involves groups
of -CH(OR)CH,CH=-CHX (R=H or Ac, and X=
Br, I, Cu, B, and so on) as the intermediates (A),
which would be converted smoothly into the aimed
group by various elegant methods®®) (step 2). How-
ever, preparation of the intermediates (A), e.g., by
reaction of 3-halogeno-2-propenyl anions with the
formyl group of 1 or by addition of 2-propynyl anion
to the group followed by hydroboration, appeared to
be considerably difficult owing to the possibility of
allylic rearrangement or facile hydroboration to the
cis-double bond in 1.8 This conceivable trouble led
us to undertake syntheses by other routes.

The second route (iib) concerns the Grignard-type
reaction of the formyl group with pentenynyl anions,
obtained from 2-penten-4-ynyl halides and metals (Mg,
Zn, and so on).” However, the reaction was reported
to proceed with allylic rearrangement to give 2-ethynyl-
1-hydroxy-3-butenyl groups, none of the products
formed by expected addition of 2-penten-4-ynyl groups

A\

{3680 — o — I X

(?Ac

i) Cg=CHO —+ —r — — C A7
"o
St Step 2 52)
1
a) R-CHO ——2 . R-CH~CHyCH=CHX ——— 3
OR' R=H, Ac
MoHp=CH-chx @ {0 ¢ )
oF MCH,C= CH and B,Hg
bYRCHO 71) - 3
MCH,CH=CH~CCH
c)ReHo BB R-ch-chycHo 5 3
OR’
(CgHg)3P=CHC=CH
(B, R=H, Ac)

Possible routes from the aldehyde (1) into
(z+)-laurencin (+2).

Scheme 1.

being detected.”? Nevertheless, in view of the fact
that only a small amount of the starting aldehyde
(1) is available, the route was very attractive in the
sense of one-step synthesis of the aimed group, and
the following model experiments were carried out.
2-Penten-4-yn-1-ol® (4) was converted into the pent-
enynyl phenyl sulfide (5) by reaction of the correspond-
ing bromide® with sodium benzenethiolate, or into
the 5-trimethylsilypentenynyl phenyl! sulfide (5a) by
bromination of  5-trimethylsilyl-2-penten-4-yn-1-ol?
(4a) followed by reaction with sodium thiophenolate.
Treatment of butanal with trimethylsilypentenynyl
anions, prepared by reaction of 5a with butyllithium
(1 mol equv) in tetrahydrofuran (THF) at —30 °C
in the presence of 1,4-diazabicyclo[2.2.2]octane
(Dabco),!® at —50 °C for ! h and subsequent removal
of the trimethylsilyl group of the resultant addition
products led to formation of a 1:5 (estimated by NMR)
mixture of the expected alcohol, 5-phenylthio-6-non-
en-8-yn-4-ol (6), and its rearranged isomer (7) in 26 9%,
yield from 5a. On the other hand, the same treatment
of butanal with pentenynyl anions, prepared from 5
and butyllithium (2 mol equiv) under almost the same
conditions, produced a 1:1 mixture of 6 and 7 in 499,
yield, from which (rans-isomer (2-6) and cis-isomer
(e-7) were isolated as the main products of the respec-
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tive diastereoisomers. Compound #-6 exhibited the
following spectra as expected: UV, A_.. 217nm (e
16000); NMR, 6 2.96 (1H, d, 2 Hz, C=CH), 5.32 and
6.10 (each 1H, do d, /=16 and 2 Hz, irans-CH=CH).
The improved yield of 6 would be caused by dianionic
character formed from the reactant (5). However,
attempted selective reduction of the phenylthio group,
e.g., the Birch reduction, catalytic hydrogenation over
Raney nickel, chemical treatment with aluminium
amalgam or zinc and acetic acid, and so on, all failed;
the reactions resulted in reduction of the triple bond
or recovery of the starting material.

R1CH,~CH=CH~C= CR?

4 R'=OH, R2 H

4a, R'=OH, R% SI(CH3)3
Rl =SCgHg, R2:H

5a R =SCgHs, R%=Si(CHy),

o

C3Hy~CH(OH) -CH(SCgHs) - CH=CH-C=CH
6

~

C3H7~CH(OH)-CH(CzCH)-CH=CH-SCgHs
7

~

The desired transformation was achieved by the final
route (iic), a stepwise synthesis by a modification of
the Corey procedure.’® Before proceeding with the
title aldehyde (1), several preliminary model experi-
ments were carried out. The route (iic) in Scheme 1
involves f-acetoxy aldehydes as the key intermediates
(B). Reaction of 3-acetoxy-3-phenylpropanall) (8),
one of the p-acetoxy aldehydes, with triphenyl(3-
trimethylsilyl-2-propynylidene) phosphorane at —78 °C
in THF proceeded smoothly without elimination of acetic
acid to give a trimethylsilyl enyne compound (9a) in
589, yield, which on treatment with sodium hydroxide
followed by acetylation afforded acetoxy trans-hexenyne
(9) in 77Y%, yield. The NMR spectrum was consistent
with the structure: 6 2.80 (1H, d, /=2 Hz, C=CH),
5.50 and 6.10 (each 1H, do d and do t, Jj=16, 2
and 16, 7, 7 Hz, irans-CH=CH). The route (iic) also
requires extension of a formyl group to l-acetoxy-3-
oxopropyl group(s), f-acetoxy aldehyde(s) (B). Treat-
ment of 3,4-dihydro-2H-pyran-2-carbaldehyde (‘“‘acryl-
aldehyde dimer””) (10), which possesses an ether oxygen
atom at f-position to the formyl group and hence is
suitable for a model compound of the title aldehyde
(1), with dimethylsulfinylmethanide in dimethyl
sulfoxide (DMSO) or with dimethylsulfonium methan-
ide in DMSO and THF,'?» produced a mixture of
diastereoisomeric 2-(epoxyethyl)-dihydropyrans (11) in
34 or 179, vyield, respectively. The low yields would
result from instability of the “‘acrylaldehyde dimer.”
Hydrogenation of 11 over platinum gave 2-(epoxy-
ethyl)tetrahydropyrans (12), which on further treatment
with 2-lithio-1,3-dithiane in THF at —50——20 °C11.13)
followed Dby acetylation afforded f-acctoxy aldehyde
trimethylene dithioacetals (13) in 629, vield from 11.
The 1,3-dithiane (13) was smoothly hydrolyzed with
mercury(II) oxide and Dboron trifluoride etherate to
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give f-acetoxy aldehydes (14) in 839, yield, which
in turn was converted by the same treatment as describ-
ed above into the corresponding acetoxy hexenynes
(15) in 489, yield. The NMR spectrum indicated
the trans-configuration of the double bond in question:
4 5.52 and 6.20 (each 1H, do d and do t, J=16, 2,
and 16, 7, 7 Hz). The successful result of these model
experiments led us to apply these methods for construc-
tion of the relevant side chain of laurencin (2).

CGHS-CH(OAC)CHZ-C HO
8

~

a R Sl(CH3)3

C5H5—CH(OAC)CH2CH CHC:=CR
9
[j\ O\Q)
CHO Cj\Q
1

Cj\@“(o/\c ClI IO\LW()X(}(II ClI-CHC- CK

R= -<S:>

14 R=CHO

15 R=H

tha R:Si(cua,\f‘.’

Treatment of the title tetrahydrooxocincarbaldehyde
(1) with dimethylsulfinylmethanide in DMSO at room
temperature!® afforded epoxyethyl hydrooxocin (16),
mp 87—88 °C, showing a single spot by GLC and
TLC, in 669%, yield, as a sole isolable epoxide. In
the NMR spectrum the epoxy protons appeared with
the Cg-proton as two multiplets at § 2.72 and 3.25.
The epoxide (16), when treated with 2-lithio-1,3-dithi-
ane in THF at —70——20 °C,1® was converted into
2-(2-hydroxyalkyl)-1,3-dithiane (17), which was isolat-
ed as its acetate (17a), mp 161—162 °C, in 809, yield.
Fortunately, the acetoxymethine proton was observed
at ¢ 5.24 with almost the same splitting pattern (do
t, /=9, 4, and 4 Hz) as that (6 4.98, do t, /=8, 5,
and 5 Hz) of laurencin®) (2), indicating that the
relevant acetoxymethine carbon atom possesses the
same relative configuration as the corresponding carbon
in the natural product (2). Treatment of the dithiane
(17a) with mercury(II) oxide and boron trifluoride
etherate in 15%, aqueous THF at room temperature!l)
effected only hydrolysis of the 1,3-dithiano-2-yl group
to yield pg-acetoxy aldehyde (18), which was imme-
diately submitted to the Wittig reaction with tri-
phenyl (3 -trimethylsilyl - 2- propynylidene) phosphorane,
prepared from triphenyl(3-trimethylsiliyl-2-propynyl)-
phosphonium bromide and butyllithium (1 mol equiv)
in THF.5® The reaction took place without elimina-
tion of acetic acid as expected to give acetoxy irans-
trimethylsilylhexenyne (19a), which was converted
readily into acetoxy trans-hexenyne (19), oil, in 949,
yield, by treatment with ammonium fluoride in N,N-
dimethylformamide (DMF) at room tempcrature.514)
In good accord with the assigned structure and con-
figuration, compound 19 exhibited parent and frag-
mentation peaks at m/e 334 and 274 in the mass spect-
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rum and also absorption maxima at 223 and 230 nm
(e 13000 and 10500) and at 3300, 2110, 1740, 1645,
1247, 1160, 1105, 1027, and 960 cm™! in the UV and
IR spectra, respectively. The NMR spectrum confirm-
ed the structure: 6 0.98 (3H, t, J=7 Hz, CH,CH,),
2.03 (3H, s, OCOCH,), 2.80 (1H, d, J=2 Hz, C=CH),
2.50 and 3.50 (6H and 2H, each m, 3CH,CH-=CH,
and 2H at C, and Cg), 3.93 (4H, m, OCH,CH,0),
5.01 [1H, do t, /=9, 4, and 4 Hz, CH(OACc)], 5.50
and 6.14 (each 1H, do d and do t, /=15, 2, and 15,
8, 8 Hz, trans-CH=CH), and 5.78 (2H, m, cis-CH=CH).
A series of the reactions from the aldehyde (1) to the
acetoxy hexenyne (19) via the epoxide (16) implies
synthesis of the Cgside chain (3) of laurencin (2).

4

3 3
~

7R

0 20
o)
C.II;
1 R=CHO
O,
16 R= ---
H
OH S
17 R=--- :>
T
OAc g
17a R= :>
- s
OAc
8 R==--h_-CHO
H
OAc —~
— 7
19 R=--4 SN -
1
Ohc Si(CIL).
19a R=-- Z H !
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The final stage of laurencin synthesis consists in
introduction of a bromine atom at C; with the frans-
configuration to the ethyl group at C,. Deacetaliza-
tion of the tetrahydrooxocinone ethylene acetal (19)
with p-toluenesulfonic acid in aqueous acetone under
reflux proceeded smoothly to give ketone (20), oil,
in 749, vyield, which displayed a new absorption
maximum at 1720 cm~! and also a one-proton double
doublet (/=11 and 8 Hz) at 6 3.86 due to one of the
two C4-protons.»4)  Reduction of the ketone (20) with
sodium borohydride in methanol at 0 °C% produced
a mixture of alcohols, from which a major alcohol (21),
oil, with three cis-oriented substituents at C,, C,, and
Cg of the hydrooxocin ring, and a minor alcohol (22),
oil, a Cs-epimer of 21, could be isolated in 50 and
309 vyields, respectively. The configurations of the
hydroxyl groups at C, in the respective compounds
(21 and 22) were deduced by analogy of the NMR
data with those of the corresponding diethyltetrahydro-
oxocins?) and related compounds;!) namely, the hydroxy-
methine proton in question of the former (21) ap-
peared as a broad signal with half-width of 20 Hz
at § 3.64, while the corresponding proton of the latter
(22) was observed as a clear double triplet with j=
9, 3, and 3 Hz at 6 3.72.%% Contrary to the expecta-
tion that the bromination would take place easily,
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the major alcohol (21), when treated with triphenyl-
phosphine and tetrabromomethane in dichloromethane
at room temperature,®1% gave a complex mixture.
However, an aimed bromo compound, mp 45—47 °C,
could be isolated after careful chromatography in 149,
yield along with the starting material (21, 209,). The
bromo compound exhibited the following spectra: MS,
mle 356, 354 (M), 296, and 294; IR, v,,. 3285, 2100,
1735, 1230, 1168, 1080, 1035, and 950 cm~'; NMR,
6 098 (3H, t, Jj=7Hz, CH,CH,), 2.03 (3H, s,
OCOCH,), 2.83 (1H, d, J=2Hz, C=CH), 4.07 (1H,
do t, /=9, 3, and 3 Hz, CHBr), 4.98 [1H, do t, /=8,
5, and 5 Hz, CH(OAc)], 5.52 and 6.15 (each 1H,
dodand dot, J=15,2, and 15, 7, 7 Hz, trans-CH=-CH),
and 5.90 (2H, m, cs-CH=CH). These spectra were
completely identical with those of natural laurencin
(2), indicating completion of the synthesis of (&)-
laurencin. The overall yield amounted to 1.19%, from
the tetrahydrooxocincarbaldehyde.

0OCOCH;

8

19 R=0CH,CH.0
20 R=0

21 R=--OH,—II
22 R=—O0H, ---H
£2 R=—Br, I

H-
~

Experimental

All the mps and bps were uncorrected. The homogeneity
of each compound was always checked by TLC over silica
gel (Wakogel B-5) and/or GLC (Hitachi K-53) over 109,
SE-30. Column chromatography was carried out over
silicic acid (Merck, Kieselgel 60, 70—230 mesh) and/or
alumina (Merck, Standard, Active I and II—III). The
UV, IR, and NMR (100 MHz) spectra were mecasured in
ethanol, in liquid state, and in chloroform-d, respectively,
unless otherwise stated. The abbreviations ‘s, d, t, sex, m,
br, do, and sh,” in the NMR and IR spectra decnote
“singlet, doublet, triplet, sextet, multiplet, broad, double,
and shoulder,” respectively.

2-Penten-4-ynyl Phenyl Sulfides (5) and Their Trimethylsilyl
Derivatives (5a). a): Into a suspension of sodium thio-
phenolate in THF, prepared from sodium hydride (96 mg)
and benzenethiol (424 mg) in THF (5ml), was added a
1:1 mixture of cis- and trans-2-penten-4-ynyl bromides®
(290 mg) in THF (1 ml) at 0°C under stirring. The mix-
ture was stirred at room temperature for 2h, then mixed
with water (10 ml) and extracted with ether (3 x 10 ml). The
ether solution was washed with water, 5% aq potassium
hydroxide and water, dried over sodium sulfate (or magne-
sium sulfate) and evaporated to leave yellow oil (466 mg).
The oil was purified by chromatography over silica gel (20
g) with benzene and hexane (1:4) to give c¢is- and trans-
pentenynyl phenyl sulfides (c-5, 62 mg, and [£-5, 86 mg)
with the mixture (82 mg), bp 85—90 °C/2 Torr: ¢-5, MS,
mfe 174 (M), 109, 77, and 65; IR, »,,x 3280, 2090, 1687,
and 775 cm~!: NMR, ¢6 3.13 (1H, d, j=2Hz, C=CH),
3.79 (2H, d, j=8Hz, CH,), 5.50 and 6.00 (each 1H, do
d and do t, /=10, 2, and 10, 8, 8 Hz, ¢is-CH=CH), and
7.30 (5H, m, CgH;): #-5, MS, m/e 174, 109, 77, and 65;
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IR, v,.x 3286, 2096, 1687, and 954 cm~!; NMR, 6 2.84
(IH, d, J=2Hz), 3.55 (2H, d, J=7 Hz), 548 and 6.22
(each 1H, do d and do t, J=15, 2 and 15, 7, 7Hz), and
7.30 (5H, m).

b): Into an ice-cooled solution of 5S-trimethylsilyl-2-
penten-4-yn-1-ol alcohol® (4a) in ether (3 ml) containing
pyridine (0.2 ml) was added dropwise phosphorus tribromide
(1.9g) in ether (3 ml) during a period of 15min. The
mixture was stirred at room temperature for 75 min and
then mixed with ether (50 ml). The whole solution was
washed with water, 5%, aq sodium hydrogen carbonate and
saturated brine, dried over magnesium sulfate, evaporated
and then distilled to yield the corresponding bromides (2.0
g, cis:trans=1: 2), which were used for the next reaction
without further purification.

Into a suspension of sodium benzenethiolate, prepared
from sodium hydride (72 mg) and thiophenol (330 mg) in
THF (7 ml), was added the bromide mixture (300 mg) in
THF (1 ml). The mixture was stirred at room temperature
for 2h and then worked up as described in (a) to leave
oil (396 mg), which was purified by chromatography over
silica gel (20 g, hexane) to give cis- and trans-isomers (e-da,
77mg and #-5a, 177 mg) with the mixture (28 mg), bp
98—100 °C/2 Torr: c-5a, MS, mfe 246 (M+), 173, 137,
109, 73, and 59; IR, vy, 2146, 1690, 1250, and 760 cm~1;
NMR, ¢ 0.22 [9H, s, Si(CHj);], 3.80 (2H, d, J=8Hz,
CH,), 5.52 and 5.94 (each 1H, do d and do t, Jj=10, 2
and 10, 8, 8 Hz, ¢is-CH=CH), and 7.20 (5H, m, CgHj):
t-5a, MS, mfe 246, 173, 137, 109, 73, and 59; IR, wpy.x
2136, 1685, 1240, and 953 cm~'; NMR, é§ 0.18 (9H, s),
3.55 (2H, d, /=7 Hz), 5.54 and 6.18 (each 1H, J=16, 2,
and 16, 7, 7 Hz), and 7.26 (5H, m).

5-Phenylthio-6-nonen-8-yn-4-ols (6) and 7-Phenylthio-3-ethynyl-
1-hepten-4-ols (7). a) Into a solution of 1:1 mixture
of ¢-5 and ¢-5 (870 mg, 5 mmol) in THF (50 ml) con-
taing Dabco (560 mg, 5 mmol) was added butyllithium (12
mmol) in a 159 hexane solution (6.7 ml) at —30 °C under
stirring. The mixture was further stirred for 1 h at —30—
—20°C, and cooled to —50°C. Butanal (0.45 ml, excess)
was added to the cooled solution and stirred at —50—
—30°C for 30 min and then at —30——20°C for 30 min.
The reaction mixture was poured into water (200 ml) and
extracted with ether (3100 ml). The ether solution was
washed with water and saturated brine, dried and evapo-
rated to leave oil (1.2 g), which was purified by chromato-
graphy over silica gel (40 g, benzene) to give a 1:1 mixture
(452 mg) of 6 and 7 with the starting material (5, 220 mg).
A part (60 mg) of the mixture was further separated by
preparative TLC (Wakogel B-5F, benzene) to yield a {rans-
isomer (£-6, 25 mg) and a cis-isomer (e=7, 5mg) in pure
state: #-6, MS, mfe 246 (M*); UV, iyn,x 217 nm (e 16000);
IR, vnax 3400, 3280, 2090, 1600, and 958 cm~!; NMR, ¢
0.92 (3H, br s, CH;), 1.52 (4H, m, CH,CH,), 2.54 (lH,
s, OH), 2.86 (lH, d, J=2Hz, C=CH), 3.6 (2H, br m,
CH(OH) and CH(SC¢H;)], 5.32 and 6.10 (each 1H, do
d, J=16, 2, and 16, 10 Hz, {rans-CH=CH), and 7.30 (5H,
m, SCgH;): ¢-7, MS, mfe, 246; UV, Ay.x 266 nm (¢ 10000) ;
IR, vy,ax 3420, 3096, 2114, and 1678 cm-'; NMR, § 0.94
(3H, br s), 2.56 (4H, m), 2.20 (IH, J=2Hz), 3.66 (2H,
br m), 5.80 and 6.30 (each 1H, do d and d, J=10, 10,
and 10 Hz, ¢is-CH=CH), and 7.35 (5H, m).

b): Into a solution of a 1:2 mixture of ¢-5a and t-5a
(492 mg, 2mmol) in THF (20 ml) containing Dabco (224
mg, 2mmol) was added butyllithium (2.4 mmol) in 159
hexane (1.36 ml) at —30°C. The solution was stirred for
lh at —30——20°C and cooled to —50°C. Butanal
(0.45 ml, excess) in THF (0.5 ml) was added to the cooled
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solution and stirred as described in (a). The reaction
mixture was worked up as usual to leave oil (827 mg),
which was purified by chromatography over silica gel (30
mg, benzene) to give acetylene compounds (307 mg). A
part (80 mg) of the mixture in methanol (2.5ml) was
treated with 5 M aq sodium hydroxide (0.13 ml) at room
temperature (25 °C) for 5 min. The reaction mixture was
neutralized by addition of 2M hydrochloric acid, evapo-
rated and extracted with ether (2x50ml). The ether
solution was worked up as usual to leave oil (51 mg),
which was separated by preparative TLC over silica gel
with benzene and ethyl acetate (9:1) to yield a 1:5
mixture (by NMR) of 6 and 7 (30mg) and 5 (10 mg).
The mixture was not further purified.

trans-7-Pheny-3-hexen-5-yn-1-yl Acetate (9) and Its 6-Trimeth-
yisilyl Derivative (9a). Into a suspension of triphenyl-
(3-trimethylsilyl-2-propynyl) phosphonium  bromide®® (305
mg, 0.67 mmol) in THF (5ml) cooled at —78°C was
added butyllithium (0.78 mmol) in 15% hexane (0.5 ml)
under stirring. The mixture was stirred at —45——40°C
for 30 min and cooled to —78°C. 3-Oxo-1-phenylpropyl
acetate!V (8, 87 mg, 0.45 mmol) in THF (0.8 ml) was added
to the cooled mixture and stirred at ice-bath temperature
for | h. On addition of hexane (20 ml) the reaction mix-
ture formed precipitates, which were removed by filtration.
The procedure was repeated three times to give brown oil
(150 mg), which was separated by chromatography (1.5g,
benzene) to yield 9a (78 mg), oil; MS, m/e 280 (M*) and
226; IR, vpmex 2150, 1748, 1245, 1233, 1085, 1025, and
955cm™1; NMR, ¢ 0.16 [9H, s, Si(CH,),], 2.04 (3H, s,
OCOCH,), 2.62 (2H, br t, J=7 Hz, CH,), 5.52 and 6.02
(each 1H, br d and do t, J=7 and 16, 7, 7Hz, trans-
CH=CH), 5.74 (IH, t, J=7 Hz, CH(OAc)], and 7.26 (5H,
s, C¢Hs). The sample was rechromatographed for analysis.
Found: C, 71.11; H, 7.71%. Calcd for C;;H,;,0,Si: C,
71.28; H, 7.749%,.

Compound 9a (43 mg) in methanol (1.5 ml) was stirred
with 5 M sodium hydroxide (0.75 ml) at room temperature
for 10 min. The mixture was acidified with 2M hydro-
chloric acid, extracted with hexane repeatedly. The hexane
solution was worked up as usual to give crude alcohol
(25 mg). The alcohol (22mg) was treated with acetic
anhydride (0.2ml) and pyridine 0.5ml to give crude
acetate, which was purified by preparative TLC (benzene)
to yield 9 (22 mg), oil, in pure state: MS, mfe 154 (M+—
CH,COOH); IR, vy, 3300, 2100, 1748, 1230, and 958
cm~!; NMR, 4 2.08 (3H, s, OCOCH,), 2.66 (2H, t, J=
7Hz, CH,), 2.80 (IH, d, j=1.5Hz, C=CH), 550 and
6.10 (each 1H, br d and dot, J=16 and 16, 7, 7 Hz,
trans-CH=CH), 5.77 [1H, t, J=7 Hz, CH(OAc)], and 7.28

(5H, s, CG¢H;). Found: C, 78.47; H, 6.509%. Calcd for
C.,H,,0,: C, 78.48; H, 6.589,.
2-( Epoxyethyl )-3,4-dihydropyranes (11). a): A suspen-

sion of sodium hydride (0.06 mol) (509 mineral oil disper-
sion, 2.9 g) and trimethyloxosulfonium iodide (13.2 g, 0.06
mol) in dry DMSO (60 ml) was stirred at room tempera-
ture under sitrring for 10 min, when evolution of hydrogen
stopped. A solution of 3,4-dihydro-2H-pyran-2-carbaldehyde
(10, 5.6 g, 0.05 mol) in DMSO (5ml) was added to the
aforementioned dimethylsufinylmethanide solution during a
period of 5 min and then stirred at room temperature for
1.5h. The reaction mixture was mixed with water (130
ml) and extracted with ether (4x 100 ml). The ether solu-
tion was washed with water and saturated brine, dried,
evaporated and distilled to give 11 (2.16 g), bp 68—70 °C/
15 Torr; MS, mfe 126 (M), 83, and 43; IR, 1,,., 1646,
1237, and 1070 cm~*; NMR, ¢ 2.00 (4H, br, m, 4H at C;
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and C,), 2.80 and 3.25 (2H and 1H, each m, 3H in
epoxyethyl), 3.65 (IH, m, H at G,), 4.70 and 6.35 (each
IH, m, CH=CH). Found: C, 66.15; H, 7.99%. Calcd
for CHO,: C, 66.65; H, 7.99%,.

b): Into a solution of sodium methylsulfinylmethanide,
prepared by treatment of DMSO (60 ml) with sodium
hydride (0.06 mol) (509, mineral oil dispersion, 2.9g) at
80°C for 1h, was added THF (60 ml) and then a solution
of trimethylsulfonium iodide (12.4g, 0.06 mol) in DMSO
at 0°C during a period of 5 min under stirring. To the
resultant dimethylsulfonium methanide solution was added
10 (5.6 g, 0.05 mol) in DMSO (5 ml), and the whole solu-
tion was stirred at room temperature for 1h. The reac-
tion mixtuie was poured into water and extracted with
ether (4x200 ml). The ether solution was worked up as
usual to give 11 (1.04 g), bp 64—68 °C/15 Torr. The NMR
spectrum showed complex signals similar to those of 11
obtained in (a), indicating both the samples (11) to be a
mixture of diastereoisomers. In the following experiments
were used the sample (11) obtained in the section (a).

2- (Epoxyethyl) - 3,4,5,6 - tetrahydropyrans  (12). Com-
pounds 11 (2.1 g) were hydrogenated over platinum (60
mg as PtO,-H,0) for 14.5h, when 430 ml (1.02 mol equiv)
of hydrogen had been consumed. After removal of the
catalyst, the solution was evaporated and distilled to give
oil (12, 1.7g), bp 70—74°C, showing a single spot on
TLC; MS, m/e 128 (M*) and 85; IR, vy, 1255, 1110,
1094, and 1050 cm~—!; NMR, 6 1.60 (6H, br m, 6H at G;,
C; and C;), 2.80 and 2.95 (2H and 1H, each m, 3H at
G, and Cg). Found: C, 65.22; H, 9.649%. Calcd for
C;H,;,0,: C, 65.60; H, 9.449,.

3-Oxo-1-(2-tetrahydropyranyl ) propyl Acetate (14) and Its 1,3-
Trimethylens Dithioacetal (13). a): To a solution of
2-lithio-1,3-dithiane in THF, prepared from 1,3-dithiane
(1.41 g, 11.7 mmol) and butyllithium (14 mmol) in THF
(45ml) at —30——20°C for 2h, was added 12 (l.5g,
11.7 mmol) in THF (2 ml) under cooling at —60 °C. The
mixture was stirred at —50— —30°C for 1 h, at —30——20
°C for 1 h, and then at —20°C for 16 h, and mixed with
ether (150 ml). The ether solution was worked up as
usual to leave amorphous residue (3.1 g), which was purified
by chromatography over silica gel (90 g, benzene) to yield
white solid (2.2 g). A part (54 mg) was further purified
by preparative TLC to give solid substance (43 mg), show-
ing a single spot on TLC. The solid (43 mg) was con-
verted under usual conditions into the acetate (13), oil;
MS, mfe 290 (M+), 230, 119, and 85; IR, v,, 1742, 1240,
and 1090 cm—*; NMR, ¢ 1.50 (6H, m, 6H at C,, C,, and
GCs), 2.20 (2H, m, SCH,CH,CH,S), 2.11 (3H, s, OCOCH,),
2.85 (4H, m, SCH,CH,CH,S), 3.42 and 4.00 (each 2H,
m, 3H at C, and C; and SCHS), and 5.18 [IH, m,
CH(OACJ)].

Into a suspension of mercury(II) oxide (0.6 g) and boron
triftuoride etherate (0.35ml) in 159 aq THF (4ml) was
added 13 (0.20g, 6.9mmol) in THF (0.2ml) under
stirring during a period of 15min. The mixture was
stirred at room temperature for 1 h. On addition of ether
(10 ml) to the mixture, precipitates were separated and
removed by filtration. The filtrate was washed with 109,
aq sodium carbonate and saturated brine, dried and evapo-
rated to give oil [crude 14 (0.115g)], which was used for
the next reaction without further purification: IR, v ..
2760, 1746, 1240, 1095, and 1045 cm~'; NMR, 4 2.08 (3H,
s, OCOCH,), 2.76 (2H, m, CH,CHO), 5.30 [IH, do t,
J=3,6 and 6 Hz, CH(OAc)], 9.66 (1H, t, J=1.5Hz,
CHO).

71-(2-Tetrahydropyranyl )-3-hexen-5-ynyl  Acetate (15) and Iis
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Trimethylsilyl Derivative (15a). a): Into a suspension
of triphenyl(3-trimethylsilyl-2-propynyl) phoshonium bromide
(0.34g, 0.75 mmol) in THF (5 ml) cooled at —70°C was
added butyllithium (0.78 mmol) (159, hexane solution, 0.5
ml) under stirring. The mixturc was stirred at —40—
—30°C for 30 min and again cooled to —70 °C. Aldehyde
14 (0.11 g, 0.55 mmol) in THF (0.5 ml) was added to the
cooled mixture, stirred at the temperature for 5 min and
then at ice-bath temperature for 1h. On addition of
hexane (20 ml), precipitates were formed and removed by
filtration. The procedure was repeated three times to
yield oil (0.145 g), which was purified by chromatography
over silica gel (4.5 g, benzene) to give 15a (0.124 g), color-
less oil; MS, m/e 294 (M+), 234, and 85; IR, vnax 2170,
1748, 1248, 1235, 1090, 1050, 1040, and 960 cm~—!; NMR,
6 0.16 [9H, s, Si(CH,),], 2.04 (3H, s, OCOCH,), 2.44
(2H, t, J=7 Hz, CH,CH=CH), 4.80 [1H, m, CH(OAc)],
5.52 and 6.10 (each 1H, br d and do t, /=16 and 16, 7,
7 Hz, irans-CH=CH). Found: C, 64.92; H, 8.82%; Calced
for C;sH,30,5: G, 65.26; H, 8.909%,.

b): A solution of 15a (60 mg, 0.2 mmol) in methanol
(2ml) was stirred with 5M aq sodium hydroxide (1 ml)
at room temperature for 5 min. The solution was made
acidic by addition of 2 M hydrochloric acid and extracted
with hexane (4Xx2ml). The hexane solution was worked
up as usual to give alcohol (35mg), oil. The oil was
acetylated under usual conditions and purified by prepara-
tive TLC over silica gel to give 15 (39 mg), oil; MS, m/e
222 (M+) and 162; IR, vy, 3300, 2100, 1748, 1240, 1100,
1050, and 960 cm—1; NMR, ¢ 1.52 (6H, m, CH,CH,CH,),
2.03 (3H, s, OCOCH,), 2.48 (2H, t, /=7 Hz, CH,CH=
CH), 2.82 (1H, d, J=2Hz, C=CH), 3.35 and 4.00 (2H
and 1H, each m, CH,OCH), 4.86 [IH, do t, /=12, 6,
and 6 Hz, CH(OAc)], 5.52 and 6.20 (each 1H, do d and
do t, /=16, 2 and 16,7,7 Hz, trans-CH=CH). Found: C,
69.97; H, 8.029%,. Calcd for C,;;H,;40,: G, 70.24; H, 8.16%.

cis-2-Ethyl -8 -epoxyethyl - 3,4,7 ,8 - dihydro - 2ZH-oxocin-3 -one  3-
Ethylene Acetal (16). A suspension of sodium hydride
(3.12 mmol) (509 mineral oil dispersion, 0.15ml) and
trimethyloxosulfonium iodide (690 mg, 3.12 mmol) in DMSO
(15 ml) was stirred at room temperature under nitrogen.
A solution of 1 (593 mg, 2.6 mmol) in DMSO (5 ml) was
added dropwise to the dimethylsulfinylmethanide solution
and stirred at room temperature for 1h. The reaction
mixture was mixed with water (50 ml) and extracted with
ether (320 ml) and then with ethyl acetate (2x20 ml).
All the organic solutions were combined, washed with water
(320 ml) and saturated brine, dried and evaporated to
leave oil (555 mg), which was purified by chromatography
over silica gel (12 g, benzene:ethyl acetate=9:1) to give 16
(418 mg), white solid. A part (145 mg) was crystallized and
recrystallized from hexane and ether for analysis to give
a pure sample (128 mg), mp 87—88 °C; MS, 240 (M*) and
2115 IR (Nujol), vnax 1648, 1380, 1252, 1162, 1107, and
1080; NMR, é 1.00 (3H, t, J=7 Hz, CH,CH,;), 1.44 (2H,
m, CH,CHj,), 2.72 and 3.25 (2H and 1H, each m, 3H in
epoxyethyl), 2.94 (1H, do d, /=13 and 8.5 Hz, H at C,),
3.60 (IH, do d, J=7 and 6 Hz, H at G,), 4.00 (4H, m,
OCH,CH,0), and 5.82 (2H, m, ¢is~=CH=CH). Found: C,
64.98; H, 8.39%,. Calcd for C;,H,,0,: C, 64.86; H, 8.31%,.

cis-2-Ethyl-8-[1-hydroxy-2-(1,3-dithian-2-! )ethyl] - 3,4,7 ,6-
tetrahydro-2H-oxocin-3-one 3-Ethylene Acetal (17) and Its Acetale
(17a). To a solution of 2-lithio-1,3-dithiane in THF,
prepared from 1,3-dithiane (418 mg, 3.48 mmol) and butyl-
lithium (4.2 mmol) (15% hexane solution, 2.8 ml) at —30
——20°C for 2h under stirring, was added dropwise 16
(418 mg, 1.74 mmol) in THF (3 ml) at —70°C. The mix-
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ture was stirred at —20 °C for 14 h, and shaken with ether
(50 ml) and saturated brine (20 ml). After separation of
the ether solution, the aqueous solution was extracted with
chloroform (320 ml). All the ether and chloroform solu-
tions were combined, washed with saturated brine, dried
and evaporated to leave oil (822 mg), which was purified
by chromatography over silica gel (30 g, benzene) to give
17 (564 mg), viscous oil. The oil was treated with acetic
anhydride (5.6 ml) and pyridine (12ml) at room tem-
perature overnight and then worked up as usual to give
17a (557 mg), mp 145—150°C. A part (66 mg) of the
sample was recrystallized from benzene and hexane for
analysis to yield 17a (45 mg), mp 161—162°C, in pure
state; MS, m/e 402 (M+), 373, and 342; IR (Nujol), ¥max
1740, 1640, 1230, 1125, 1110, and 1090 cm~!; NMR, ¢ 1.00
(3H, t, J=7 Hz, CH,CH,), 1.38 (2H, m, CH,CH,), 2.03
(3H, s, OCOCH,;), 3.50 (2H, m, 2H at C, and G,), 3.90
(5H, m, OCH,CH,O and SCHS), 5.24 [1H, do t, J=9,
4 and 4Hz, CH(OAc)], and 5.74 (2H, m, c¢is-CH=CH).
Found: C, 56.79; H, 7.519%,. CQCalcd for C;yH;,0;S,: C,
56.69; H, 7.51%.

cis-8-(1- Acetoxy - 3-oxopropyl ) - 2 - ethyl - 3,4,7 ,8 - tetrahydro - ZH-
oxocin-3-one 3-Ethylene Acetal (18). To a vigorously
stirred mixture of mercury(II) oxide (387 mg, 1.79 mmol)
and boron trifluoride etherate (0.22 ml, 1.79 mmol) in 159,
aq THF (2.4 ml) was added 17a (240 mg, 0.597 mmol) in
THF (2ml) at room temperature during a period of 10
min. The mixture was stirred for 15 min at room tem-
perature and mixed with ether (10 ml). After removal of
precipitates by filtration, the reaction mixture (filtrate) was
washed with saturated aq sodium carbonate and then with
saturated brine, dried and evaporated to leave oily sub-
stance (20, 111 mg), which was used for the next reaction
without further purification; NMR, 2.08 (3H, s, OCOCH,),
400 (4H, m, OCH,CH,0O), 5.54 [1H, do t, /=8, 4, and
4 Hz, CH(OACc)], 5.86 (2H, m, cis-CH=CH), and 9.78 (1H,
t, J=2Hz, CHO).

cis-8-(1-Acetoxy-6-trimethylsilyl-3-hexen-5-ynyl ) -2 - ethyl - 3,4,7 ,8-
tetrahydro-2H-oxocin-3-one  3-Ethylene Acetal (19a). Into
a suspension of triphenyl (3-trimethylsilyl-2-propynyl)phos-
phonium bromide (242 mg, 0.534 mmol) in THF (2 ml)
cooled at —78°C was added butyllithium (0.543 mmol)
(159, hexane solution, 0.33 ml). The mixture was stirred
at —40°C for 30 min and again cooled to —78°C. A
solution of 18 (111 mg, 0.356 mmol) in THF (1.5 ml) was
added to the cooled mixture, and the whole mixture was
stirred at ice-bath temperature for 1 h. After addition of
ether, precipitates were formed and removed by filtration.
The filtrate was evaporated to leave oil, which was sepa-
rated by preparative TLC over silica gel (benzene:ethyl
acetate=10:1) to give 19a (99 mg), oil, showing a single
spot on TLG; MS, mfe 406 (Mt), 391, 363, and 346; UV,
Amax 227 nm (¢ 16600), 236 (22700), and 246 (17000); IR,
Ymax 2160, 1740, 1248, and 960 cm—'; NMR, ¢ 0.15 [9H,
s, Si(CHjy);l, 2.05 (3H, s, OCOCH,), 3.50 (2H, m, 2H at
C, and Gg), 3.94 (4H, m, OCH,CH,0), 5.02 [1H, do t,
J=9, 4, and 4Hz, CH(OAc)], 5.45 and 6.08 (1H, br d
and do t, /=15 and 15, 7, 7Hz, trans-CH=CH), and 5.80
(2H, m, ¢is-CH=CH). Found: C, 64.55; H. 8.499,. Calcd
for C22H24O581 C, 64.98; H, 8.439%.

cis-8-( 7-Acetoxy—3—hexen—5 -ynyl ) -2 -ethyl - 3,4,7 ,8 -tetrahydro-2H-
oxocin-3-one 3-Ethylene Acetal (19). A solution of 19a
(166 mg, 0.419 mmol) in DMF (17 ml) was treated with
ammonium fluoride (1.7 g, excess) at room temperature
under stirring. The reaction mixture was treated with
water (40 ml) and extracted with ether (3 x50 ml). The
combined ether solution was worked up as usual to leave
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oil (190 mg), which was purified by preparative TLC
(benzene :ethyl acetate=10:1) to give 19a (130 mg), oil,
showing a single spot on TLC; MS, UV, IR, and NMR,
in the text. Found: C, 68.13; H, 7.879,. Calcd for
CpH,;0;5: C, 68.24; H, 7.849%.

Cis-8-( 1-Acetoxy-3-hexen-5-ynyl )-2-ethyl - 3,4,7,8 - tetrahydro - 2H-
oxocin-3-one (20). A solution of 19 (120 mg, 0.359
mmol) in acetone (50 ml) and water (8 ml) was heated
with p-toluenesulfonic acid (90 mg, 0.474 mmol) under reflux
for 24h. After being cooled, the reaction mixture was
treated with water (50 ml) and extracted with ethyl acetate
(3x300ml). The acetate solution was washed with 59,
aq sodium hydrogencarbonate and saturated brine, dried
and evaporated to leave oil (144 mg), which was purified
by preparative TLC (benzene:ethyl acetate=10:1) to give
20 (31 mg), oil, and the starting acetal (19, 68 mg); MS,
mfe 290 (M+) and 230; UV, Ap,x 322nm (¢ 194), 310
(279), 300 (300), 293 (323), 230 (sh) (11400), and 224
(14000) ; IR, v, 3310, 2110, 1740, 1720, 1236, and 960
cm~!; NMR, 6 0.96 (3H t, /=8 Hz, CH,CH,), 2.06 (3H,
s, OCOCH,), 2.81 (1H, d, j=2Hz, C=CH), 3.44 (IH,
m, H at Cy), 3.72 (1H, t, J=7Hz, H at C,), 3.86 (1H,
do d, J=11 and 8Hz, H at C,), 5.00 [1H, do t, J=8,
5, and 5 Hz, CH(OAc)], 5.52 and 6.14 (each 1H, do d
and do t, J=15, 2, and 15, 7, 7 Hz, trans-CH= CH) and
5.64 (2H, m, ¢is-CH=CH). Found: C, 69.98; H, 7.919%.
Calcd for C;H,,04: G, 70.32; H, 7.64%.

r-2,c-8- (1-Acetoxy-3-hexen-5-ynyl )-3,4,7 ,8-tetrahydro-2H- oxocin-
3-0l and Iis 3-Epimer (22). Compound 20 (36 mg,
0.12 mmol) was treated with NaBH, (18 mg) in methanol
(3ml) at 0°C for 20 min. The reaction mixture was made
acidic with 2 M hydrochloric acid, concentrated and ex-
tracted with ethyl acetate (5x3 ml). The acetate solution
was worked up as usual to leave oil (52 mg), showing two
spots on TLC, which was separated by preparative TLC
(benzene:ethyl acetate=4:1) to yield 22 (11 mg), oil, and
21 (18 mg), oil, as less and more polar fractions: 21, MS,
mfe 292 (M%), 274, and 232; IR, vn,,., 3440, 3300, 2120,
1740, 1645, 1235, 1130, 1075, 1048, 1030, and 960 cm™1;
NMR, ¢ 0.92 (3H, t, J=7 Hz, CH,CH,), 1.86 (IH, br s,

H), 2.05 (3H, s, OCOCH,), 2.82 (IH, d, J=2Hz, C=z
CH), 3.40 (2H, m, 2H at G, and Gg), 3.64 [IH, br, Wy
=20 Hz, CH(OH)], 4.98 [IH, do t, /=8, 5, and 5Hz,
CH(OAc)], 5.52 and 6.16 (each 1H, do d and do t, J=
16, 2, and 16, 7, 7 Hz, trans-CH=CH), and 5.74 (2H, m,
cis-CH=CH): 22, MS, mfe 292 (M), 274, and 232; IR,
Ymax 3440, 3300, 2110, 1740, 1235, 1120, 1090, 1070, 1050,
1025, and 960 cm-!'; NMR, ¢ 0.98 (3H, t, J=7.5Hz,
CH,CH,), 2.05 (3H, s, OCOCH,), 2.80 (1H, d, J=2Hz,
C=CH), 3.10 and 3.44 (each 1H, m, 2H at C, and Cj),
3.72 [1H, do t, J=9, 3, and 3Hz, CH(OH)], 4.98 [I1H,
do t, /=8, 5, and 5 Hz, CH(OACc)], 5.52 and 6.16 (each,
1H, do d and do t, /=15, 2, and 15, 7, 7 Hz, trans-CH=
CH), and 5.58 (2H, m, cis-CH=CH).

r-2,c-8-(1-Acetoxy-3-hexen-5- ynyl )~t-3-bromo- 3,4,7 ,8 - tetrahydro-
2H-oxocin Acetate [(+)-2]. Into a solution of 21 (15
mg, 0.05 mmol) and tetrabromomethane (125 mg, 0.375
mmol) in dichloromethane (4 ml) was added dropwise
triphenylphosphine (65 mg, 0.25 mmol) in dichloromethane
(6 ml, dried through Molecular Sieves 4A) at room tem-
perature under stirring during a period of 3h, and the
whole solution was stirred at room temperature for 12h.
The reaction mixture was evaporated to leave resinous
material, which was purified by preparative TLC (benzene)
to yield (=#)-2 (2mg), which crystallized spontaneously
and had mp 45—47 °C, with the starting alcohol (21, 3
mg). The spectral data (described in the text) were com-
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pletely identical with natural

NMR, and TLC).

laurencin (MS, UV, IR,
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The reaction between (dimethylaminomethyl)ruthenocene with lithium tetrachloropalladate(II) in the
presence of sodium acetate gave di-pu-chloro-bis[2-(dimethylaminomethyl)ruthenocenyl]dipalladium(II) (2).
The o-bonded structure of 2 has been confirmed by IR analysis and the reactions of 2 with triphenylphos-
phine, thallium(I) acetylacetonate, and lithium aluminum deuteride. The reactions of chloro[2-(dimethyl-
aminomethyl)ruthenocenyl] (triphenylphosphine) palladium(II) with carbon monoxide and 2 with methyl vinyl
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ketone, phenyl vinyl ketone, and styrene have been examined.

1, 2-Disubstituted ruthenocene derivatives have

been obtained in higher yields than those of the corresponding ferrocene derivatives.

Cope has reported the first intramolecular ortho-
palladation of azobenzene! and N,N-dimethylbenzyl-
amine.® For the regiosclective syntheses of ortho-
substituted aromatic compounds, there has been
considerable interest in the intramolecular ortho-metal-
ation by transition metals of aromatic compounds
containing donor ligands such as nitrogen, phosphorus
and sulfur.®) In addition, the reactions of ferrocene
derivatives with palladium(II) halides have been
studied.¥ Generally, there have been few synthetic
investigations of the ruthenocenes in contrast to those
of the ferrocenes. This paper will deal with the
intramolecular ortho-palladation of (dimethylamino-
methyl)ruthenocene and the reactions of the palla-
dium complexes.

Results and Discussion

The reaction between (dimethylaminomethyl)-
ruthenocene (1) with lithium tetrachloropalladate(IT)
in the presence of sodium acetate® gave di-u-chloro-
bis [ 2 - ( dimethylaminomethyl) ruthernocenyl ] dipalla-
dium(II) (2) in 789, vyield. The complex 2 was
shown to be an intramolecularly ortho-palladated
complex on the basis of the reactions of 2 and the
microanalytical and spectroscopic results. Measure-
ment of the molecular weight using a vapor pressure
osmometer was not conducted because of the low
solubility of 2 in all common solvents. The treatment
of 2 with triphenylphosphine and thallium(I) acetyl-
acetonate afforded the monomeric triphenylphosphine
(3) and acetylacetonate (4) complexes, respectively
(Fig. 1). In the IR spectrum of 2, the three bands
at 323, 258, and 216 cm™! have been assigned to the
bridged Pd-Cl stretching absorption.® The single
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Syntheses of palladium(II) complexes.

band at 357 cm~! of 3 has been assigned to the terminal
Pd-Cl stretching absorption. Thus, it has been
confirmed that 2 is a typical chlorine-bridged binuclear
complex. The low solubility of 2 in all common
solvents precluded any NMR studies at room tempera-
ture. However, the 'H NMR spectra of 3 and 4 clearly
demonstrated that a palladium-carbon ¢ bond and
a palladium-nitrogen coordinated bond existed in these
complexes (Table 1). N-Methyl and N-methylene
protons of 1 appear as a singlet, whereas the N-methyl
protons appear as two broad singlets and the N-meth-
ylene protons as two doublets in 3 and 4. The non-
equivalence of the N-methyl and N-methylene protons
in 3 and 4 can be explained in terms of a cyclic system
in which the nitrogen is coordinated to the palladium
and a palladium-carbon ¢ bond is involved.” To
ascertain the formation of the ¢-bond between pal-

TaBLE 1. TuE 'H NMR SPECTRA OF COMPLEXES 3 AND 4 ()
Compound -N-CH. Rc-CH,-N-  Ruthenocene Others
p 3 2 ring proton

Pd complex (3) 2.97 (br s)»  3.74(d)e®  4.3—4.4(m)® 7.2—7.7(m) PPh,
3.07 (br s) 4.02(d)®

Pd complex (4) 2.82(s)® 3.13(d)D 4.3—4.7 (m) 1.91(s) CH,; of acac group
3.02(s) 3.52(d)» 5.21(s) -CH- of acac group

(Dimethylaminomethyl)- 2.20(s) 3.10(s) 4.5—4.6 (m)

ruthenocene (1)
a) Singlet. b) Broad singlet. c¢) Doublet. d) Multiplet. e) J=1.8Hz. f) J=7.8 Hz.
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TapLe 2. Tue 'H NMR SPECTRA OF 1,2-DISUBSTITUTED RUTHENOCENES (6)
Ruthenocene -N-CH. Rc-CH,-N- Ruthenocene Others
3 2 ring proton ’
1-(2-Acetylvinyl)- 2.15(s)» 3.08(d)» H, 4.70(m)® 2.18(s, -COCH,)
2-(dimethylaminomethyl)- (6) 3.37(d) H, 4.92(m) 6.32(d, J=16 Hz, —-C=CH-CO-)
(J=14Hz) H. 4.70(m) 7.40(d, /=16 Hz, Rc-CH=C-CO-)
H; 4.45(s)
1-(2-Benzoylvinyl)- 2.16(s) 3.09(d) H, 4.71 (m) 7.16(d, J=16 Hz, -C=CH-CO-)
2-(dimethylaminomethyl)- (7) 3.42(d) H;, 4.98(m) 7.51(d, J=16 Hz, Rc-CH=C-CO-)
(J=13Hz) H, 4.71(m) 7.3—8.0(m, Ph)
Hy 4.45(s)
1-(Dimethylaminomethyl)- 2.18(s) 3.12(d) H, 4.60(m) 6.63(d, J=16 Hz, -C=CH-Ph)
2-styryl- (8) 3.39(d) H, 4.91(m) 6.85(d, J=16 Hz, Rc—CH=C-Ph)
(/=13 Hz) H, 4.60(m) 7.1—7.3 (mm, Ph)
Hy 4.43(s)
1-(Dimethylaminomethyl)- 2.4—3.1(m) H, 4.85(m) 1.25(t9, J=6Hz, CH,; of COOEY)
2-(ethoxycarbonyl)- (9) H, 5.18(m) 2.4—3.1(m, ~CH,— of COOELt)
H, 4.85(m)
Hy; 4.60(s)
a) Singlet. b) Doublet. ¢) Triplet. d) Multiplet.

ladium and the cyclopentadienyl ring in 2, 3, and
4, 2 was reduced with lithium aluminum deuteride
to give 1-(dimethylaminomethyl)ruthenocene-2-d (5)
quantitatively. Again, the starting material (1) was
obtained by the lithium aluminum hydride reduction
of 2. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>