[January, 1990] © 1990 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 63, 1—5 (1990) 1

Natural-Abundance Oxygen-17 Magnetic Relaxation in Aqueous Solutions
of Apolar Amino Acids and Glycine Peptides

Miyuki IsniMura and Hisashi UEDAIRA*

Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060
(Received May 26, 1989)

The spin-lattice relaxation times, 71, of H2170O have been measured for the aqueous solutions of 11 apolar
amino acids and 5 glycine peptides as a function of the concentration at 25 °C. The coordination numbers, 7,
and the rotational correlation times, tct, of water molecules around the amino acids and peptides were estimated
and compared with that of pure water, t0. The value of 7.*/7.=1.87 for norleucine is the largest, while those of
/70 for glycine peptides are almost the same 1.2. The value of nn(7h/79—1) was defined as the dynamic
hydration number (DHN). The DHN showed a good correlation with several physicochemical properties, such
as the molecular weights, partial molar volumes, adiabatic compressibilities, heat capacities, B-coefficients of
the activity coefficent, and limiting diffusion coefficients of amino acids and glycine peptides in aqueous

solutions.

The physicochemical properties of amino acids and
oligo peptides in aqueous solutions have drawn much
attention for several decades. These properties, closely
related to the solute-water interaction, have been
chiefly studied by thermodynamic methods. The
importance of the hydration of amino acids is
generally recognized in connection with the structure
and function of proteins. It has been pointed out that
there is a dynamic correspondence between the enzyme
function and the dynamic structure of water.? The
dynamic characteristics of the hydration of amino acid
as a model compound of protein, therefore, is very
important. Not enough such studies, however, have
yet been carried out; moreover, there have been few
attempts to relate the thermodynamic properties to the
dynamic properties.

In the investigation of such thermodynamic pro-
perties as the volumes,2-? heat capacities,*® and
compressibilities® of aqueous solutions of amino acids
or peptides, frequent attempts have been made to
examine the linear correlation between such properties
and the number of carbon atoms or peptide groups in
the backbone.29 It is very difficult to compare the
properties of amino acids with those of peptides, since
these properties are plotted as a function of a variable
with a different base. It is, therefore, necessary to use
the same variable for the purpose of investigating
consistently the hydration of amino acids and pep-
tides.

Recently, it was shown that the hydration properties
of sugars in water can be systematically explained by
the dynamic hydration number (DHN), obtained by
measuring the 170 relaxation rates of water in aqueous
sugar solutions.” In this paper we report the spin-
lattice relaxation times, T1, of natural-abundance 170
nuclei of water in the aqueous solutions of 11 apolar
amino acids and 5 glycine peptides as a function of the
concentration at 25°C, since amino acids possess
exchangeable protons. The concentration dependence
of water-170 relaxation rates is interpreted by means of
the characteristics of the hydration of amino acids.

Then we discuss the relation between the physico-
chemical properties (molecular weight, volume, com-
pressibility, B-coefficient of activity coefficient, heat
capacity, and diffusion coefficient) and the DHN.

Experimental

The tri-, tetra-, penta-, hexaglycine, leucine, and isoleucine
were purchased from Sigma, while the glycine, diglycine,
alanine, B-alanine, a-, B-, y-aminobutyric acids, valine,
norvaline, and norleucine were purchased from Tokyo
Kasei. All of the amino acids were of a.G.R. grade and were
used without further purification. Distilled and deionized
water was used.

All natural-abundance oxygen-17 NMR experiments were
performed using a JEOL GX-500 spectrometer operating at
67.8 MHz. The oxygen-17 T:1 was measured by using the
inversion recovery sequence (180°-7-90°). For the 7O
relaxation in neutral water, 72<T' is observed in consequence
of 70O-1H spin-spin coupling.? The water and all the
solutions were maintained at pH<4 by adding a small
amount of a dilute HCl solution, since, in this pH region, the
proton exchange becomes sufficiently fast, making Te=T:
for 170 in water.

The temperature was maintained at 25+0.3 °C by means
of a gas thermostat.

Results and Discussion

Dynamic State of Aqueous Solutions of Amino
Acids and Glycine Peptides. In Fig. 1, the selected
values T1%/T1 for He'7O in aqueous solutions of amino
acids and peptides are plotted against their molalities,
where T19 and T are the spin-lattice relaxation times
of the 170 of water in pure water and in solutions
respectively. All of the experimental values of T19/T}
in this work are adequately represented by an
empirical equation of this form:

T:®/Ti=1+Bm 1)

where m is the molality of the solute. The solid lines
in Fig. 1 are those calculated by the least-squares
method. The correlation coefficient, v, were in the
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range of 0.8—1.0 except for hexaglycine and norleucine.

Under extreme motional narrowing conditions, we
obtain the following relation according to the two-
state model:?

Th
55.5B = nh(Kr_cO — 1) (2)

where the superscripts h and 0 refer to the water of the
hydration sphere (cosphere) and bulk water respective-
ly, and where ny is the coordination number. <. is the
rotational correlation time of 170, and K is the ratio of
the quadrupole coupling constant of 170 in the co-
sphere and the bulk water. The value of K is 1 or 0.75.7
The values of DHN, npan, and their correlation
coefficients, v, for apolar amino acids and peptides are
given the 4th column of Table 1.

If the value of ny is known, we can obtain the value
of 7h/10. We can estimate ny by first calculating the
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Fig. 1. TYT: of H20 in aqueous solutions of

norvaline, y-ABA, diglycine, and glycine as a func-
tion of molality.
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water-accesible surface area using the data of the van
der Waals volume of constituent atoms reported by
Edward? and dividing these by the effective surface
area of the water molecule. The calculated values of
the van der Waals volumes and the n, for amino acids
and peptides are given in the 3rd and 5th columns of
Table 1.

As isseen in Table 1, all the npux values are positive.
This result means that all of the apolar amino acids
and glycine peptides studied are structure makers as
entire molecules. However, each constituent group in
the molecule is not always a structure maker, because
the observed hydration property is the sum of the
contribution of the hydrophobic and hydrophilic
hydrations.10-10 Although diglycine and leucine have
the same molecular weight, the npux value of diglycine
is about one third that of leucine. The npun values for
valine and tetraglycine are nearly equal, but the value
of 7h/10 of valine is larger than that of tetraglycine.
These results show that the thermal motion of water
molecules around an apolar group is more restricted
than that around the peptide groups.

The alkyl group is a typical hydrophobic structure
maker, and the carboxyl group is an electrostrictive
structure maker, while the amino group is a structure
breaker.’® Kresheck and Benjamin!® and Uedairal®
considered the peptide group as structure-breaking
based on their thermodynamic studies.

The nn value increases with the increase in the
molecular size. The tcb value of the water molecule
around a structure-making group is larger than that of
7.h and increases with the increase in the size of the
group, but z.h'value of the water molecule around a
structure-breaking group is smaller than that of 7.0.19
Thus, the thermal motion of water molecules in the
cosphere of glycine peptides differs with that in local

Table 1. Van der Waals Volumes and Hydration Characteristics of Apolar
Amino Acids and Glycine Peptides in Aqueous Solutions at 25°C
N C d M VX103 Th/ T
o OmMpo U w - DHN (vy) Ny K=1: 0.76
1 Glycine 75.07 67.4 9 (0.98) 24.6 1.16 1.53
2 a-Alanine 89.10 84.4 10 7 (0.99) 27.0 1.40 1.84
3 B-Alanine 89.10 84.4 3 (0.76) 27.0 1.34 1.77
4 a-ABA? 103.12 101.4 15 2 (0.94) 29.1 1.56 2.06
5 B-ABA 103.12 101.4 10.9 (1.00) 29.1 1.38 1.81
6 v-ABA 103.12 101.4 11.4 (0.98) 29.1 1.39 1.83
7 Valine 117.15 118.4 20.1 (0.97) 31.2 1.64 2.16
8 Norvaline 117.15 118.4 22.1 (0.88) 31.2 1.71 2.25
9 Leucine 131.18 135.4 26.6 (0.93) 33.1 1.80 2.37
10 Isoleucine 131.18 135.4 19.0 (0.98) 33.1 1.58 2.07
11 Norleucine 131.18 135.4 28 8 (0.42) 33.1 1.87 2.46
12 Diglycine 132.12 116.2 9 (0.98) 42.3 1.21 1.59
12 Triglycine 189.17 165.0 11 4 (0.80) 60.1 1.19 1.57
14 Tetraglycine 246.22 213.8 18.2 (0.99) 77.8 1.23 1.62
15 Pentaglycine 303.27 262.6 23.4 (0.69) 95.6 1.25 1.64
16 Hexaglycine 360.32 311.4 16.2 (0.50) 113.3 1.14 1.50

a) Amino butyric acid.
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regions peripheral to the different groups. That is, the
thermal motion of the hydrated water is more
restricted around the structure-making groups, while
it is more rapid around the peptide and amino groups,
than in bulk water. The value of 7.2/t calculated by
Eq. 2 is determined by these opposing influences on
the thermal motion; it represents an average dynamic
state over all the water molecules in the cosphere.
Consequently, th/70 values of peptides are smaller
than those of apolar amino acids and are close to
unity. Recently, Uedaira and Uedaira!® found that the
m-benzenedisulfonate ion has a larger n, value, but its
npun and th/T0 values are smaller than those of the
benzenesulfonate ion, because the sulfonate group is
the structure-breaker.

According to the molecular dynamic study of
alanine peptide, Rossky and Karplus® showed that
the polar groups (C=O and NH) of dipeptide have
little influence on the mobility of the water molecule
around them, but water molecules near the apolar
groups are substantially hindered in both translational
and rotational motion. Thus, their molecular dyna-
mics calculations support our experimental results.

The t.h/7.0 values for the glycine peptides are almost
the same as that of glycine. For sugars and the
alkylsulfonate ions, it was found that the z.b/7.0 value
for an oligomer is almost the same as that. of a
monomer.”19

Relation between Physicochemical Properties and
DHN. Many physicochemical properties of amino
acids or petides have been plotted as functions of the
number of carbon atoms or peptide groups by many
authors.3-® For the purpose of comparing the pro-
perties of amino acids and peptides, however, such
plots are not adequate, as has been mentioned above.

Gill et al.1” showed that the coordination number of
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a water molecule around a apolar solute generally
correlates with all the thermodynamic properties in
water. This empirical rule presupposes that all the
water molecules in the cosphere of the solute molecule
exist in the same dynamic state. This rule cannot
apply in the cases of amino acids and peptides, since
the water molecules in the vicinity of the different
groups of the solute molecule exist in different
dynamic states. The DHN, which is a product of the
statical and the dynamical quantities, therefore, is
considered to be a more reasonable indication of the
hydration characteristics of amino acids and peptides
than is the coordination number. Table 2 lists the
physicochemical properties of amino acids and pep-
tides, which are explained below on the basis of the
DHN.

In Table 2, the values of AV, were calculated from
this relation;22 AVy=V ¢—NaVa, where Na is Avogadro’s
number. We calculated the values of Dy for the tetra-,
pepnta-, and hexaglycine by means of the shell
model.2® In the calculation, we assumed that the
microviscosity around an oligomer is the same as that
around the monomer.29 This assumption is valid
judging from the results shown in Table 1, since the
microviscosity around a solute molecule is propor-
tional to the z.h of the water molecule in the cosphere.

All of the properties in Table 2 can be expressed by
the following linear equation of npa:

Y =a + bnpun (3)

The values of a and & are given in Table 3. The
value of a indicates that of Y of a hypothetical solute
which has the same interaction as a water-water one.

In general, the value of b in Eq. 3 depends on the size
of the solute molecule and on the dynamic state of the

Table 2. Physicochemical Properties of Apolar Amino Acids and Glycine
Peptides in Aqueous Solutions at 25°C

1/ .a 7 b) 03 e
No Compound 45 K9X104Y BY C? AV, DX1089
cm? mol-1 cm3 mol-! bar~! J K-1 mol-1 cm?2 mol-! cm?s—!
1 Glycine 43.26 27.0 5.0 39 2.66 10.554
2 a-Alanine 60.54 25.0 —-1.2 141.4 9.71 9.097
3 B-Alanine 58.28 26.36 —0.2 91 7.45
4 a-ABA 75.6 21.8 —2.5 224 14.53 8.305
5 B-ABA 76.3 18.7 —2.0 182 15.23
6 v-ABA 73.2 27.0 1.6 154 12.13
7 Valine 90.75 24.0 307 19.44 7.722
8 Norvaline 91.80 335 20.49
9 Leucine 107.77 31.8 382 26.22
10 Isoleucine 105.80 24.25
11 Norleucine 107.73 400 26.18
12 Diglycine 76.27 35.91 12.3 105.0 6.28 7.909
13 Triglycine 111.81 44.36 16 185.9 12.43 6.652
14 Tetraglycine 149.7 53.14 283 20.93 5.497
15 Pentaglycine 187.1 373 28.94 4.820
16 Hexaglycine 4.310

a) Refs. 3 and 18. b) Refs. 6 and 18. c) Mean values calculated from the data of Ref. 19. d) Ref. 4. e) Refs. 20 and 21.
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Table 3. Coefficients of Empirical Equations between npun and Physicochemical
Properties of Aqueous Solutions of Apolar Amino Acids and Glycine Peptides
Y Homologue a b 0%
My Amino acid 71.01 2.193 0.929
_ Peptide 36.09 11.641 0.992
Vo Amino acid 38.59 2.621 0.938
_ Peptide 16.64 7.365 0.994
K?X104 Amino acid —28.26 0.261 —0.700
Peptide —20.42 —1.855 0.986
B Amino acid 6.79 —0.652 —0.855
. Peptide —0.754 1.469 1.000
C3 Amino acid and peptide —16.65 15.56 0.985
AVh Amino acid and peptide —28.76 1.047 0.940
1/DoX 10~5 Amino acid 0.866 0.0217 0.994
Peptide 0.767 0.0573 0.999
water molecules in the cosphere. As may be seen from
Table 3, the absolute values of b for apolar amino acids 400t 1
are smaller than those of b for peptides. Itis clear from
Eq. 2 that the (Kt.h/7.9—1) term enlarges the effect of nn
(intrinsic property) if the value is larger than unity, n L
and diminishes the effect if it is smaller. In other —g
words, the water structure in the cosphere becomes -
bulky or compact according whether the values of i 200
(Ktch/10—1) are large or small respectively. Therefore, I%
the physicochemical properties of apolar amino acids
have small values of b.
In this connection, it is of interest to compare the
values b for the K 0 of amino acid and peptide. As has
been clarified above, the peptide groups is the %

structure-breaker, and the thermal motion of water
molecules is more vigorous than that of bulk water. As
a result, the hydration sphere becomes more compact,
and so the K9 value of peptide becomes more
negative.

It seems that C ,% and AV, depend only on the state
of water in the cosphere, regardless of the intrinsic
properties of the apolar amino acids and peptides.
This is true of AV} by definition. In Fig. 2, the values
of the partial molar heat capacity for amino acids and
peptides are plotted against the npun. Figure 2 is
important in connection with the heat capacity change
of the denturaion of a globular protein. Privalov®
elucidated that the interaction of apolar amino acid
residues with water is indeed the most important
contributor to this change on the unfolding of the
proteins.

Conclusion

In summary we obtained the following results:

(1) The values of 7h/70 for apolar amino acids
increase with an increase in the size of the hydrophobic
group.

(2) The peptide group is the structure-breaker, and
the values of z:h/7.0 for peptides are almost the same,
1.2.

(3) The physicochemical properties of apolar

" pHN

Fig. 2. Relation between the partial molar heat
capacity, CJ, and npux. The numbers in figure
denote the same compound as in Table 1.

amino acids and peptides in aqueous solutions are
expressed by the linear equation of npan.

These conclusions suggest that the details of the
motion and structure of the hydration water can play a
deterministic role both in dynamic and in static
properties of aqueous solutions.

We are grateful to Dr. Mitsuhiko Tkura (High-
Resolution NMR Laboratory) for his help in the NMR
experiments. We also thank Dr. Hatsuho Uedaira for
her valuable discussions.
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The Protective Effects of Cyclodextrins against the Oxidation of
Methyl Orange by Singlet Oxygen

Koichiro Mivajmma, Hiroaki KomaTsu,* Kazuhiro INoUE, Tetsurou HANDA, and Masayuki NARAGAKiT
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The degradation of Methyl Orange (MO) by singlet oxygen was inhibited by the addition of a-, 8-, and
v-cyclodextrins (CD’s) to an aqueous solution. The protective effect of the CD’s against the MO oxidation
decreased in this order; a->y-> B-CD. From the relation between the rate constant of MO oxidation and the
free MO concentration, evaluated by using the formation constants of CD’s with MO, it was found that the MO
included by a- and y-CD’s is not decomposed by singlet oxygen, whereas the MO included by 8-CD is oxidized
by singlet oxygen. The inner cavity of a- or y-CD well fit for the inclusion of one or two MO molecules
respectively, and the access of singlet oxygen to the azo group of the included MO molecule is sterically
inhibited. The finding that 8-CD has smaller enthalpy and larger entropy changes relevant to the formation of
the MO-CD complex than those of a- and y-CD’s suggested the less tight inclusion of one MO molecule in the
cavity of B-CD. Such a loose inclusion of MO by B-CD resulted in the transient exposition of the azo group of
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the MO molecule to the bulk phase: the attack of the singlet oxygen on the azo group followed.

Cyclodextrins (CD’s) are oligosaccharides which are
capable of forming inclusion complexes with a variety
of guests by accommodating them in their relatively
nonpolar cavities.1:? The most promising fields for
the application of their inclusion complexes are the
pharmaceutical industry, the food industry, and the
production of organic chemicals in general.? One of
the most important potential applications of inclusion
complexes is the protection of guests against oxida-
tion.3=" The stability of incorporated unsaturated
fatty acids,*® vitamins,3-4:? and so on has been studied
by numerous workers. Irie et al., for example, reported
the protective effects of the CD’s against the oxidation
of guests by active oxygen, singlet oxygen, but the
protective mechanism was not made clear.®

In our previous studies, the photooxidations of
Methyl Orange (MO) sensitized by water-insoluble
tetraphenylporphyrin and water-soluble tetraphenyl-
porphyrintrisulfonic acid salt (TPPS) have been
studied under aerobic conditions in a variety of
micellar?-1® and liposomal solutions!® and mixed
organic solvents.?® It was found that the oxidation of
MO is mediated by singlet oxygen;'? the photooxida-
tion proceeds predominantly through Type I1.13 MO
is capable of forming complexes with CD’s,4:1® and
MO is favorable for studies of the effects of CD’s on the
oxidation by singlet oxygen, In the present study, we
investigated the oxidation of MO photosensitized by
TPPS in the presence of CD’s, also, the protective
effects of CD’s on the oxidation are discussed in terms
of the inaccessibility of singlet oxygen to the MO
molecules which are included by the CD’s.

Experimental

The meso-a,B,7,6-tetraphenylporphyrintrisulfonic acid
salt tetrahydrate (TPPS) was purchased from Dojindo
Laboratories. The absorption bands and their molar
extinction coefficients in a 10 mM (1 M=1 mol-dm=3 in this

paper) buffer solution (pH 7.5) agreed with the reported
values.’® The TPPS in methanol was stored below 4°C as a
stock solution. The MO was obtained from Wako Pure
Chemical Industries, Ltd. The 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris) was used as received. Doubly
distilled water was used to make all solutions.

The samlpe solution was prepared as follows. The
methanol of the TPPS stock solution was evaporated in
vacuo, after which the residue was dissolved in a 1 mM
Tris-HCI buffer solution containing 21 uM MO. The pH of
the aqueous solution was maintained at 7.3. Finally, a1l pM
TPPS solution was obtained.

Irradiation experiments were carried out by using a
Kondo-Sylvania 1 kW tungsten-halogen lamp. A Toshiba
KL-41 interference filter (transmittance characteristics; Amax=
412.0 nm and half wavelength=15.0 nm) was used to obtain
monochromic light. The intensity of the light incident
upon the reaction cell was 3.22X10% quanta-s~!, as deter-
mined by ferrioxalate chemical dosimetry.!” The sample
solution contained in a quartz cell was kept at 25 °C by
circulation of the thermostated water and was stirred well
with a magnetic stirrer during irradiations.

The absorption spectra of TPPS and MO in the aqueous
solution overlap each other in the region of 360—500 nm,
as is shown in Fig. 1. The decomposition of MO was
monitored with the decrease in the absorbance at 496 nm,
where the absorbance of TPPS is trivial. Since the ratio of
the extinction coefficient of MO at 412 nm to that at 496 nm
was is constant, the time course of the absorbance of MO at
412 nm was obtained from that at 496 nm. The absorption
spectra were measured by using a Shimadzu UV-265FW
spectrophotometer at 25 °C.

Results and Discussion

MO and TPPS were both decomposed with the
increase in the irradiation time, because both TPPS
and MO have strong absorptions at the excitation
wavelength (412nm), as is shown in Fig. 1. The
decomposition of both dyes led to a change in the
amounts of photons absorbed by TPPS in a unit of
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720

time (Q) during irradiation. Figure 2 represents the
plots of Q as a function of the irradiation time (¢).
Here, the Q values were evaluated by means of Eq. 1:19

A TPPS

Q=h> 0

where At=ArppstAmo. Here, A1, Arees, and Amo are
the total absorbance and the absorbance of TPPS and
MO at 412nm respectively. The Io quantity is the
intensity of light incident upon the cell, and L is the
light-path length of the cell. Fortunately, however, as
is shown in Fig. 2, the Q values scarcely changed
during irradiation, because a decrease in Arpps causes a
decrease in Q, but a decrease in Amo results in an
increase in Q. As the change in the Q values was less
than 5% of the initial value after a 42-min irradiation,
the change in the Q value was not taken into account

(1 — 10—%) 1

TU)
~
~
Q
x
o 1
g-CD
Y-
a-
0 5 76
[CDI /mM
Fig. 3. The apparent rate contant k as a function of

the CD concentration. Symboles, @: o-CD, A: 8-CD,
and O: y-CD.

in the present study.

As is shown in Fig. 2, there was a linear relationship
between In Amo and the irradiation time ¢ except for an
initial period of the irradiation time. The slope of the
straight line gave the apparent rate constant k. The
degradation rate of MO is given by:

d[MO]y

& = k[MO];

(2)
and

In[MO]; = In[MO], — k¢, 3)

where [MO]r and [MO]Jo are the total and initial
concentrations of MO respectively.

Figure 3 shows the k values as a function of the CD
concentrations. The & values decrease with an increase
in the CD concentration, indicating that the additions
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of the CD’s result in protection against the MO
oxidation.  The protective effects are, however,
different in the three CD’s decreasing in this order;
a->v->B-CD. It was been known that MO forms
inclusion complexes with various CD’s14:19 There-
fore, it may be considered that the formation of the
inclusion complex contributes to the protective effects
against the MO oxidation.

The formations of inclusion complexes between
CD’s and MO has been investigated by many workers.
Matsui et al. found the dissociation constant of the
MO-@-CD complex in 0.1 M H2SO4 (pH=1.2, 1on
strength, p=0.5) at 25°C, but their experimental
conditions were quite different from ours.’® Hirai et
al. reported the dissociation constants of MO com-
plexes with B8- and y-CD’s in a phosphate buffer
(pH=7.0, ionic strength, p=0.1) at 20 °C.1® However,
no data on the dissociation constant of MO-a-CD
complex have been reported. Therefore, the formation
constants were measured under the present conditions.
Hirai and his coworkers suggested that the absorption
peak of MO shifts from 463 nm to a shorter wavelength
with an increase in the CD concentration and ascribed
the hypsochromic shifts to the formation of inclusion
complexes of MO with the CD.!® The formation
constants were determined by measuring these absorp-
tion changes. (TPPS does not interact with the CD’s
because the absorption and fluorescence spectra and
the fluorescence yield of TPPS scarcely change
between the solutions with and without the CD’s.)

Hirai and his coworkers also suggested a- and 8-
CD’s form 1:1 (CD:MO in molar ratio) complexes,
while y-CD forms a 1:2 complex.!® If the concentra-
tion of MO is significantly smaller than that of CD,
the two formation constants Kn and Kp can be
represented by Egs. 4 and 5.19

In the case of a 1:1 complex (a- and B-CD’s),

[CD-MO]

Kn = [CDIMO] (4-a)
and
1 1 b
A4~ [MO]AeKa [CD] [MO]Ae (4-b)
In the case of a 1:2 complex (y-CD),
_ [CD-(MO)g]
Ke =~ copmor )
and
1 1 1 2
A (>-b)

[MOPAeK [CD] ' [MOJAe

Here, A4 and Ae are, respectively, the differences in the
absorbance and in the molar extinction of MO at
495 nm, between the solutions without and those with
CD’s. The concentration of the latter being significant-
ly higher than that of MO. In the case of y-CD, the
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formation of a 1:1 complex was ignored, because K11 is
much smaller than Kp.1® The A4 values at various
concentrations of CD were measured at 21 pM MO.
Figure 4 shows the 1/A4 values as a function of the
[CD] according to Egs. 4-b and 5-b: linear relations
were obtained. The formation constants evaluated
from the slopes and the intercepts to the ordinate are
given in Table 1. From the formation constants thus
obtained, the concentration ratio of the free MO to the
total MO were calculated at 10 mM CD: they are
presented in Table 2. The concentration of the
included MO decreases in this order: a->B->+y-CD.
This order is different from that of the protective effect

1 -3 /pp-1
Fig. 4. The 1/A4 values as a function of the CD con-
centration according to Egs. 4-b and 5-b. Symboles:
see Fig. 3.

Table 1. Formation Constants of the Inclusion
Complexes between MO and CD’s
at Various Temperatures

Kn Ko
Temperature
°C 103 M1 107 M2
a-CD B-CD v-CD

15.0 1.47 2.63 2.82
20.0 1.13 2.34 2.35
25.0 0.855 2.1o 1.89
30.0 0.704 1.89 1.2

Table 2. Concentration Ratio
of Free MO to Total MO

CD’s o B Y
[MO]me"’)
—_— 0.012 0.015 0.31
[MO]r

a) At 10mM CD, 21 pM MO, and 25°C.
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of the CD’s against the MO oxidation, as is shown in
Fig. 3. On the assumption that only free MO is
decomposed by singlet oxygen, the decomposition rate
of MO is given by:

_ diMOy,

dt = k’[IOz][MO]me, (6)

because the production processes of singlet oxygen are
much faster than the oxidation process of MO by
singlet oxygen®19 and the rate of reaching equili-
brium between free and included MO is much faster
than the degradation rate of MO. Here, k’ is the
second-order rate constant, while [MO]s.. is the free
MO concentration.
Equation 6 may be rewritten as:
k' ['02][MO e

MO}, _ VO ;
@ - o MOk ™

As can be seen by comparing Eqgs. 2 and 7, the
apparent rate constant k corresponds to &’ [1O2][MO1r:

— 3,7 [Mo]free — » [Mo]free
k= k'[1Og] [MOl, k [MO], (8)

where k”=k’ [1O2] and where k” is a constant, for the
complex formation of CD’s with oxygen is negligibly
small and [O:] is independent of the CD .con-
centration.® As can be seen from Eq. 8, if only free
MO is decomposed by singlet oxygen, the k values may
be expected to be proportional to [MO]we/[MO]r.
Figure 5 presents the plots of the k values against the
[MO]gee/[MO]r values calculated from the Kn or Kig
values in Table 1. Taking the small experimental
errors at the large values of [MOlse/[MO]r into
consideration (experimental errors: within £5%), the
correlation line was drawn, assuming the points in the
low CD concentrationto be accurate. In the a- and
v-CD’s, the straight line thus obtained passes through

IMOJree
IMO1;

Fig. 5. The k values as a function of [MO]xe/
[MO]r. The [MO]lge/[MO]r values at 21 pM MO
were evaluated from the formation constants Kp
and K2 in Table 1. Symboles: see Fig. 3.
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both the point of origin and the experimental point
without the CD’s. This fact indicates that the MO
included by a- and y-CD’s is not decomposed by
singlet oxygen and that only free MO is oxidized: On
the other hand, in the case of B-CD, the plots deviate
upward from the experimental line of the a- and -
CD’s. The line does not pass through a point of origin
and has a positive intercept on the ordinate, where all
MO molecules should be included by the CD’s. This
leads to the important consequence that free MO and
also the MO included by B-CD are appreciably oxidized
by singlet oxygen.

Griffiths et al. investigated the oxidation mechanism
of tautomeric azo dyes by singlet oxygen; they
suggested that the degradation of the azo dyes to be
ascribed to the attack of singlet oxygen as the azo
group in the dye molecules.2® The oxidation of MO by
singlet oxygen may also be considered to proceed in
accordance with their porposed mechanism.

The inner cavity of the a- or y-CD’s is suitable for
the inclusion of one or two MO molecules respectively.
The fitness of the MO in the cavities of a- and y-CD’s
is good, and the access of singlet oxygen to the azo
group of the MO molecule is sterically protected. On
the other hand, B8-CD has a sufficiently large inner
cavity to include a MO, molecule, while the cavity of
B-CD is too small to include two MO molecules. We
can write the complex formation reaction of B-CD
with MO by the following two step reaction,?? in the
cases of the a- and B-CD’s/MO system:

k k:
MO + CD k# [MO-..CD] vk——ﬁ MO-CD  (9)

where [MO...CD] and MO-CD are intermediate and
stable complexes respectively. Here, Kq is related to ki,
k-1, ko, and k-2 as follows:2D Kn=(k1/k-1)+(k1/k-1)X
(k2/k-2). In contrast to the a-CD complex, the ks value
of the MO-B-CD complex may be comparable the k-
values, because the size of the cavity of B-CD is larger
than that of a-CD. Therefore, the lifetime of the
intermediate complex becomes longer. In other words,
the MO molecule in the MO-8-CD complex has a
hindered translational freedom in addition to the
rotational freedom.2Y It may be expected that the
inclusion of a MO molecule in the cavity of 8-CD will
be loose. The thermodynamic parameters in unitary

Table 3. Thermodynamic Parameters Relevant to
the Inclusion of MO by CD’s in an Aqueous
Solution in a Unitary Change

AG® AH, ASo
CD’s
kcal mol—! kcal mol-! eu
o —5.4 —8.6 —11
B —4.5 —3.8 +2.5
v -99 —12 —8.1
a) At 25°C.
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changes based on the inclusion of a MO by CD’s are
presented in Table 3. The changes in the free-energy
(AGo), enthalpy (AHo), and entropy (ASo) were
calculated from the data in Table 1 by using:

AGo=—RTInKpn (orKp), (10-a)

AHo = AGO + TAS() (IO-b)
and:

ASo = — (AAGo/IT)p. (10-¢)

The formation constants, K and K, in Eq. 10-a are
expressed in the molarity scale and are shown in Table
1. R is the gas constant, and T, the absolute
temperature. It may be seen that, in the inclusions of
MO by a- and y-CD’s, the enthalpy change acts as a
dominant driving force and the ASy values are
negative. On the other hand, in the inclusion of MO
by B-CD, the enthalpy and entropy changes contribute
equally to the complex formation and the ASp value is
positive. The positive value of ASo for the B-CD
complex formation seems to be involved in the
appreciable liberation of high-energy water in the
cavity from the larger cavity of B8-CD, as compared
with «-CD, because both form the 1:1 complex. These
thermodynamic quantities reflect the presence of an
unstable intermediate complex in the MO/B-CD
system.

Szejtli suggested that MO molecule is less tightly
included in the cavity of B-CD.2® By their NMR
measurements Suzuki and her colleagues found the
fast rotational motion of a MO molecule included in
the cavity of 8-CD.29 These facts agree well with our
results. Thus, the loose inclusion of a MO molecule in
the cavity of B-CD gives rise to the transient exposition
(intermediate complex) of the azo group of the MO
molecule to the bulk phase, as shown in Fig. 6a. This
leads to the decomposition by the attack of singlet
oxygen on the azo gruop.

(a)

CH _
N =N ‘@‘SO:;
CH

kol kg

b)
CH
3:N—C SO;
CHy

Fig. 6. The loose inclusion of MO in the cavity of
B-CD.

(
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In the present study, it was found that the CD’s
sterically protect MO against the attack of active
singlet oxygen by including a MO molecule in their
cavities. The CD’s have been utilized to protect many
substances from oxidation. In this situation, not only
the formation constants but also the fitness between
the inner cavities of CD’s and the size of the guest
substrates must be taken into consideration.
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Fluorescence Probes of Pyrene and Pyrene-3-carboxaldehyde
for the Sol-Gel Process
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Silica sols and gels doped with pyrene (Py) and pyrene-3-carboxaldehyde (PyCHO) were prepared by the
acidic hydrolysis of tetraethyl orthosilicate in ethanol. We studied the fluorescence of these molecules during
the sol-gel-xerogel stages. The fluorescence intensity ratio of the vibronic bands of Py changed remarkably,
while the fluorescence maximum of PyGHO showed a significant red shift as the gel dried. Such a spectral
change was ascribed to an increase in the environmental polarity of the probe molecules upon the evaporation
of the ethanol. The estimated dielectric constant of the gel after drying in a vacuum is about 72, just slightly less
polar than water (80). The silica cage produced by the sol-gel process is probably rich in silanols, resulting in a

relatively polar environment.

The polymerization of silicon alkoxides known as
the sol-gel process has become an important and
interesting field in material science.!l® Among an
extensive body of studies, the doping of the silica gel
with organic molecules has received considerable
interest. The technique is expected to lead to new
applications.#® It has also been reported that some
organic molecules embedded in the reaction system
show remarkable changes in fluorescence during the
sol-gel-xerogel transitions in silica and can be used as
sensitive probes for the structural changes in the
silica.9-10 However, the detailed mechanism of these
changes in the fluorescence spectra is not completely
clear, for little is known about the properties of the
silica cage prepared by the sol-gel process or about the
interaction between the silica cage and the trapped
molecules.

Meanwhile, there have been many studies regarding
fluorescence probes in colloid and polymer chemistry.
For example, the pyrene (Py) monomer fluorescence is
known to be a typical probe. The fluorescence
intensities for vibronic bands were used to study the
critical micelle concentrations!?-19 and the polarity of
iron(III) hydrosol,®:17 because the intensity ratio of
the third peak (384 nm) to the first peak (373 nm: 0-0
band) (Is/I1) is dependent on the solvent polarity.13.15,18
The fluorescence of pyrene-3-carboxaldehyde (Py-
CHO) was also used to estimate the polarity at the
micelle-water interfaces!®2? and to monitor the
properties of the aggregates of block copolymers.2)
This is because a linearity between the fluorescence
maximum (Amax) and the dielectric constant (g) has
been observed.19

In this work, we studied the sol-gel-xerogel transi-
tions during the polymerization reaction of tetraethyl
orthosilicate, Si(OCzHs)s, (TEOS) by using the well-
characterized Py and PyCHO molecules as fluorescence
probes. The aims of the present study are to monitor
the chemical changes that occur during the sol-gel
process and to elucidate the nature of the silica cage
and the interaction between the guest molecules and

the host silica cage. Itis shown that these fluorescence
probes can monitor the changes in polarity along the
sol-gel-xerogel transitions.

Experimental

Chemicals. The Py and PyCHO (both Aldrich products)
were recrystallized several times from ethanol. The TEOS
(Tokyo Kasei) and ethanol of a spectroscopic grade were
used without further purification. The water was deionized
and distilled.

Sol-Gel Process. The sol-gel glass was prepared by the
acidic (HC1) hydrolysis of TEOS in ethanol as has been
reported previously.!? Py and PyCHO were dissolved in
ethanol at 10~ mol dm=3. Various solutions with different
ratios of TEOS : water :ethanol and pH values were prepared.
The mixtures were stirred for 2 h and subsequently kept at
room temperature. Typical compositions are summarized in
Tables 1 and 2, along with results to be described later.

Measurement. The fluorescence spectra were taken with
a JASCO FP-770 spectrofluorometer at room temperature.
Samples of an appropriate volume were obtained from the
mixtures during the sol-gel-xerogel stages and used for the
fluorescence measurement.

Results

The fluorescence spectra for PyCHO in ethanol-
water mixtures indicated the variations in the fluores-
cence spectra with the solvent as reported previously.!9
The parameter Amx of PyCHO in these solvents is
plotted against the dielectric constant of the solvents in
Fig. 1. Ama shifts to a longer wavelength with an
increase in the dielectric constant.

Figure 2 shows same typical fluorescence spectra of
PyCHO as measured in a time sequence during the
sol-gel-xerogel stages. The Amax value just after mixing
is 454 nm, and shifts to a longer wavelength with time,
resulting in a value of 467 nm after 1006 h. The
parameter Amax is plotted as a function of the time in
the sol-gel reaction in Fig. 3. The A value changes
very little after the gelation point (ca. 230 h). Then the
fluorescence spectrum shifts gradually to a longer
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Table 1. Estimates of the Dielectric Constant for the Sol-Gel Process by
Means of Pyrene-3-carboxaldehyde Fluorescence
Solution Xerogel Vacuum-drying
’ pH Amax/TIM & Amax/0IM & Amax/ DM e
1.2 3.2 448.5 27 464.5 72 464.0 72
3.1 3.2 452.0 39 467.0 75 462.0 70
6.2 3.2 453.0 42 469.5 84 465.0 73
12.4 3.2 454.0 45 470.0 87 463.0 71
4.7 45 448.5 27 464.5 72 464.5 72
4.7 4.0 448.5 27 469.0 81 463.5 71
4.7 3.0 452.5 40 469.0 81 462.5 70
4.7 1.7 452.0 39 466.5 74 465.0 73
Table 2. Estimates of the Dielectric Constant for the Sol-Gel
Process by Means of Pyrene Fluorescence
H Solution Xerogel Vacuum-drying
! p /Iy ¢ Is/1y e Is/Ix ¢
1.2 3.2 0.79 30 0.62 65 0.56 739
3.1 3.2 0.77 34 0.61 66 0.55 759
6.2 3.2 0.76 36 0.60 67 0.56 732
12.4 3.2 0.74 43 0.57 719 (0.68) (58)
4.7 43 0.80 28 0.59 68 0.56 739
4.7 4.0 0.80 28 0.57 712 0.55 759
4.7 3.0 0.76 36 0.58 69 0.57 719
4.7 1.9 0.77 34 0.61 66 0.62 65

a) These values may become slightly higher because the I3/I; values correspond to two dielectric constants
between 70 and 80. However, we adopt the values in Table 2, considering those results together with those for
pyrene-3-carboxaldehyde in Table 1.
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Fig. 1.

Variation of fluorescence Amax for pyrene-3-

carboxaldehyde with dielectric constant of ethanol-

water mixtures.
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Fig. 2. Typical fluorescence spectra of pyrene-3-
carboxaldehyde during the sol-gel process: TEOS:
H20: ethanol=1:6.2:3.8 (molar ratio) at pH=3.4.

wavelength during the desiccation, reaching the
longest Amax value (467 nm) after about 600h. The
dielectric constant estimated from the relationship in
Fig. 1 is also plotted in Fig. 3. The dielectric constant
was 45 in the starting solution and became 75 in the
xerogel (after 1000 h) under these preparation condi-
tions (see the caption of Fig. 2 for the preparation
conditions).

The intensity ratio of the third peak (384 nm) to the
first peak (373 nm) (I3/I1) and that of the fifth peak

(394 nm) to the first peak (Is/I1) of the Py monomer
fluorescence were obtained in various ethanol-water
mixtures. Is/I and Is/I1 are plotted as functions of the
dielectric constant in Fig. 4. The Is/I, parameter is
sensitive to the solvent polarity,!3.15.19 while the Is/I1
parameter is not so sensitive within the range of
dielectric constants tested.

Figure 5 shows examples of the fluorescence spectra



January, 1990] Fluorescence of Py and PyCHO in the Sol-Gel Glass 13
440
PyCHO
L | | o r=12
440 80 X r=31
K e r=6.2 4
L / . 450 A T=124 %g
- F 3 pH=32  d40
g 450} tq g 460 150
< ¢ PyCHO w E 6 v
00— 00— 00— y .

g p—o—° °°°°o>3(; 4 \2450 AT90°CI\, 0
< 3ot e X e R X e ¥ \ g o o 170
4601 ° 140 < A8

- 7
) \o T 470 80
~~oo0 o o
470 1 I I 1 1 1 1 ! I 120 I .“AJ ? 1)(( 1 1 ! L I 1
0 200 400 600 800 1000 0 200 400 600 800
TIME(h) TIME(h)
Fig. 3. Changes in fluorescence Amax of pyrene-3-

carboxaldehyde and dielectric constant estimated
during the sol-gel process with time.
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Fig. 5. Typical fluorescence spectra of pyrene during
the sol-gel process: TEOS : H2O : ethanol=1:6.2:3.8
(molar ratio) at pH=3.3.

of Py as measured in the starting solution and the
xerogel. It is clear that the relative intensities of the
vibronic bands change from the solution to the

Fig. 6. Changes in fluorescence Am of pyrene-3-
carboxaldehyde during the sol-gel process with
time in various molar ratio of water/TEOS (r) at
ethanol/TEOQS=3.8 and pH=3.2. Each gelation
point is indicated on the abscissa.

xerogel, indicating a change in polarity during the
desiccation.

Figure 6 shows the effect of the water-to-silane ratio
(r) on the fluorescence shift of PyCHO at a constant
pH value of 3.2. Am.x changes gradually at lower r
values, such as 1.2 and 3.1, whereas Amax changes
steeply at around 400 h at higher r values, such as 6.2
and 12.4. The dielectric constants of the solutions are
27, 39, 42, and 45 for r=1.2, 3.1, 6.2, and 124
respectively. The dielectric constant does not change
much during the polymerization or at the gelation
point, which is shown on the abscissa. The dielectric
constant does, however, increase with time after about
400 h, resulting in values of 72, 75, 84, and 87 for r=1.2,
3.1, 6.2, and 12.4 respectively, for xerogels (after ca.
900 h). The dielectric constants for both the solutions
and the xerogels are in order of r: water contents.
When the xerogels were heated for 10h under a
vacuum (10-3 Pa) at 90°C, however, the dielectric
constant showed almost the same value (around
72) (Table 1).

Figure 7 shows the effect of the r on the I3/I1 value of
Py at a constant pH value of 3.2. The behavior of I3/I1
with time in relation to Py is similar to that of Amx in
relation to PyCHO. The dielectric constants of the
solutions are 30, 34, 36, and 43 for r=1.2, 3.1, 6.2, and
12.4 respectively. These values are similar to those
obtained from the PyCHO probe. However, the
dielectric constants of the xerogels (after ca. 900 h) are
slightly smaller than those obtained from PyCHO:
e=65, 66, 67, and 71 for r=1.2, 3.1, 6.2, and 12.4
respectively. When the xerogels were heated for 10 h
under a vacuum at 90 °C, the dielectric constants were
increased in this case except for r=12.4: £=73, 75, and
73 for r=1.2, 3.1, and 6.2 respectively. (For r=12.4, an
unknown reaction might occur. The spectrum after
drying indicated a strange intensity alteration in the
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Fig. 8. Changes in fluorescence Amax of pyrene-3-

carboxaldehyde during the sol-gel process with time
in various pH at molar ratio of water/ TEOS (r)=4.7
and ethanol/TEOS=3.8. Each gelation point is
indicated on the abscissa.

vibrational structures. Therefore, the result is rather
exceptional and is not considered here.) The dielectric
constants obtained for Py after drying are almost the
same as those for PyCHO after drying (Table 2).
Figure 8 shows the effect of the pH on the Ama value
in PyCHO at ¥=4.7. A spectral shift similar to Fig. 6
was observed. The dielectric constants in the solutions
were 27, 27, 40, and 39 for pH=4.5, 4.0, 3.0, and 1.7
respectively. The xerogels showed dielectric constants
similar to those in Fig. 6: ¢=72, 81, 81, and 74 for
pH=4.5, 4.0, 3.0, and 1.7. When the xerogels were
dried as has been described previously, those values
decreased to be the same as those around 72 (Table 1).
Figure 9 also shows the effect of the pH on the Is/I1
ratio in Py at ¥=4.7. The dielectric constants in the
solutions are 28, 28, 36, and 34 for pH=4.3, 4.0, 3.0,
and 1.9, very close to those obtained for PyCHO. The
dielectric constants of the xerogels are also slightly

process with time in various pH at molar ratio of
water/TEOS (r)=4.7 and ethanol/TEOQS=3.8. Each
gelation point is indicated on the abscissa.
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Fig. 10. Changes in fluorescence Amx of pyrene-3-

carboxaldehyde during the sol-gel process with time
in various molar ratio of ethanol/TEQOS at water/
TEOS (r)=6.2 and pH=3.5. Each gelation point is
indicated on the abscissa.

smaller for Py than for PyCHO: &=68, 71, 69, and 66
for pH=4.3, 4.0, 3.0, and 1.9. After drying in a
vacuum, those for Py increased to values around 72
similar to those for PyCHO after drying (Table 2).

Figure 10 shows the effect of the ethanol-to-TEOS
ratio on the Ams value of PyCHO at a constant r value
of 6.2 and at pH 3.5. It is clearly seen that the
transition time in the dielectric constant increases with
an increase in the ethanol content, indicating that the
evaporation of ethanol determines the transition in the
dielectric constant.

Discussion

The results of the fluorescence probes of Py and
PyCHO have shown that these probes well reveal the
changes in the environment trapping of the molecules.
We will consider three issues—the factors affecting the
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polarity of the solutions, the reason for the spectral
changes, and the local structure of the trapping sites of
the probe molecules.

1. Polarity of the Solutions. The dielectric con-
stants of the solutions are in the order of the water
contents (Tables 1 and 2). These results reasonably
suggest that the polarity of a medium is determined by
the polar water content. Naturally, water is consumed
by hydrolysis. The present results thus indicate that
the residual water content increases with initial water
content. These results are consistent with those of a
previous report.10

The effect of the pH brings about the difference in
the dielectric constant at a constant water content: the
dielectric constant increases as the pH decreases. From
the above discussion, it appears that the decrease in
water content is larger at higher pH values. However,
these results are in conflict with those of the previous
report:19 that is, there is a slower decrease in the water
content at higher pH values. This discrepancy can
probably be explained by the reasonable assumption
that the probe molecules are not homogeneously
distributed in the solutions, but are on a time-average
located near the surface of the aggregate or entangled
in the aggregate of the silica polymers.22-29  Since
hydrolysis slows down as the pH increases,23.29 the
nature of the aggregate becomes rather hydrophobic at
higher pH values because of an abundance of residual
=Si-OC3Hs, while it becomes rather hydrophilic at
lower pH values because of an abundance of =Si-OH.
Actually, it has been reported that a high concentra-
tion of =Si-OCsHs groups remains unreacted,26.27
comparable to that of =Si-OH in some cases.2®
Therefore, the access of the water molecules to the
probe molecules surrounded by the aggregate is easier
for the lower pH values than for the higher pH values.
As a consequence, the local polarity around the probe
molecules differs from the overall polarity of the
solutions.

2. Mechanism of the Spectral Changes. The
fluorescence shift of PyCHO and the change in the
I3/I ratio of Py can be well explained by the increase
in the polarity of the silica matrix, because those
changes occur simultaneously in Py and PyCHO
under the same preparation conditions and because
the two estimated dielectric constants are very similar.
Thus, the possibility of a specific interaction between
the probe molecules and the silica surface can be
discarded. Why, then, does the polarity change? This
problem 1is elucidated by the evaporation of the
ethanol molecules.? Figure 10 provides proof. The
transition time in the dielectric constant depends on
the ethanol content. The evaporation of the less polar
ethanol molecules effectively increases the polarity of
the silica cage.

The change in water content does not much
influence the transition time (Figs. 6 and 7); however,
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the effect of the pH on the transition time (Figs. 8 and
9) is significant under the present preparation condi-
tions. In the sol-gel reaction, water is consumed and
ethanol is released by:

H20 + Si(OC2Hs)s —— =Si-OH + C2HsOH,
while water is released by:
2=8i-OH —— =Si-0-Si= + H;O0.

Therefore, the overall reactions determine the solvent
composition and, accordingly, the transition time in
the dielectric constant. Furthermore, the polarity of
the silica cage (perhaps mainly =Si-OH) cannot be
neglected, as will be described later. The situation is,
however, very complicated when various preparation
conditions are into account. We cannot explain the
full picture at present.

It is noteworthy that no distinctive correlation
between the gelation time and the transition time in
the dielectric constant is seen. The macroscopic
gelation time is not directly related to the microscopic
gel structure probed by Py and PyCHO.9

3. Structure of the Silica-Cage Trapping of Mole-
cules. In the starting solutions, the dielectric con-
stants in PyCHO are almost the same as those in Py.
This finding indicates that PyCHO and Py are located
on a time-average around the same environment of the
solutions. Previous investigations in micellar systems
have suggested that PyCHO resides near the outer
surface of the hydrophilic shell and that Py resides
near the inner surface of the hydrophilic shell.29:2D As
has been discussed above, the aggregate of the silica
polymers has a rather hydrophobic portion because of
residual =Si-OCoHs groups as well as a rather
hydrophilic portion because of =Si-OH. However, the
aggregate of the silica polymers in the solutions does
not have such a micellar structure with a hydrophobic
core and a hydrophilic shell so as to enable us to
differentiate the location of Py from that of PyCHO.

In the xerogels, the dielectric constants in Py are
slightly smaller than those in PyCHO, and both of the
dielectric constants increase as the water content
increases. It should be noted here that the difference in
the dielectric constants with the r values is larger for
PyCHO than for Py. However, after drying in a
vacuum, those in Py increase and those in PyCHO
decrease, resulting in the same dielectric constant
(around 72), independent of the water content. The
dielectric constants after drying in a vacuum are also
independent of the pH.

The above results can be explained as follows. By
analogy with the results of previous investigations,?2.39
it may be considered that Py and PyCHO molecules
become entangled and finally trapped within growing
clusters as the cluster-cluster aggregation reaction
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proceeds. The silica-gel network also encapsulates
ethanol and water molecules. During the desiccation,
however, these solvents evaporate. However, this
evaporation does not occur homogeneously. PyCHO
is rather more hydrophilic than Py because of a
hydrophilic group.'® Therefore, the residual solvents
around PyCHO become rather rich in water molecules
or, in other words, PyCHO itself adsorbes water
molecules, while those around Py become rather rich
in ethanol molecules. Consequently, the dielectric
constants of the xerogels are larger for PyCHO than
for Py, and the variation in the dielectric constant with
7 is larger for PyCHO than for Py.

After drying in a vacuum, the relatively polar
solvents around PyCHO (mainly water) evaporate,
reducing the polarity of the silica cage, while the
relatively less polar solvents around Py (mainly
ethanol) evaporate, increasing the polarity of the silica
cage. The intrinsic polarity of the silica cage appears
after these solvents have been desorbed.

It is important that the intrinsic dielectric constant
(e=72) is not dependent on r at pH=3.2. This is
probably because the ambient moisture promotes the
sol-gel reaction even if the r value is less than the
stoichiometry of hydrolysis, and probably also because
the excess water molecules are not directly involved in
the sol-gel reaction; the excess water molecules exist as
adsorbed water, not as silanol groups remaining
after drying in a vacuum and increasing the polarity of
the silica cage.

The value of e=72 is rather larger than expected.4-30
The value of Kozower’s Z, as estimated from the
relationship previously reported,!® is 92, also larger
than the value of 88 obtained for the conventional
silica gel.3? The relatively polar property of the silica
cage prepared by the sol-gel process is ascribed to
an abundance of silanol groups. Generally, a conven-
tional silica gel is treated at a considerably higher
temperature, causing dehydroxylation. Therefore, the
conventional silica gel is less polar than the silica gel
prepared by the sol-gel process.

We wish to express our thanks to Messrs. Hideo
Fujita and Akira Sekino for their experimental help in
the early stage of this work.
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Adsorption of Cholesterol at Hexane/Water Interface
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(Received July 3, 1989)

The interfacial tension between hexane solution of cholesterol and water was measured as a function of
temperature and the mole fraction of cholesterol in hexane under atmospheric pressure. The interfacial tension
vs. mole fraction of cholesterol curve was observed to have two break points at a certain temperature; the
concentration of the break point increases with increasing temperature. The experimental results were analyzed
by applying the rigorous thermodynamics of adsorption at interfaces developed previously. The excess number
of moles of cholesterol and the thermodynamic quantity changes associated with its adsorption were found to
show the discontinuous changes at the break points. It was concluded that the first-order phase transition takes
place from the gaseous to the expanded state and from the expanded to the condensed one in the adsorbed film of

cholesterol at the hexane/water interface.

Recently in our laboratory, the adsorbed films of
long-chain aliphatic alcohol at oil/water interfaces
have been proved to exhibit the frist-order phase
transition from an expanded to a condensed state.l-® It
is now interesting to see whether the phase transition
takes place in the adsorbed film of surface-active
substance having a rigid structure. Cholesterol is
biologically important and its monolayers have been
studied in some detail.4® Furthermore the adsorbed
film of cholesterol was found to display two types of
phase transitions at the benzene/water interface.®
Therefore, we are interested in examining the effect of
the rigidity of cholesterol on the states of its adsorbed
film at the oil/water interfaces and on the thermo-
dynamic quantities of interface formation. In the
present study, the adsorption of cholesterol at the
hexane/water interface will be considered by measuring
the interfacial tension as function of temperature and
the mole fraction of cholesterol in the hexane phase.
The results will be analyzed by use of the thermo-
dynamics of interfaces.”®  Further, the thermo-
dynamic quantity changes associated with the adsorp-
tion of cholesterol at the hexane/water interface
evaluated will be compared with those of cholesterol at
the benzene/water interface and those of 1-octadecanol
at the hexane/water interface.

Experimental

Cholesterol (Sigma’s standard for chromatography, 99+%)
was used by without further purification. The purity was
checked both thin-layer chromatography and gas-liquid
chromatography. Hexane was refluxed over sodium and
then distilled. Water distilled triply from alkaline per-
manganate solution. Their purities were checked by
measuring the equilibrium interfacial tension between
them.

The interfacial tension was measured by the pendant drop
technique method within a precision of 0.05mN m~!.
Further description of the apparatus and method was given

T Present address: Department of Industrial Chemistry,
Fuculty of Engineering, Ehime University, Bunkyo-cho,
Matsuyama 790.

previously.?-1®  Temperature was held constant within

0.05 K.

Results and Discussion

Figure 1 shows the dependence of the interfacial
tension vy between hexane solution of cholesterol and
water on temperature T at various mole frations x;
under atmospheric pressure. From this figure, we can
see that there are five types of the curves. First the v
value at a very low concentration decreases gradually
with increasing T in a similar manner to that of the
pure hexane/water interface. Second, at a relatively
low concentraration, the y vs. T curve has one break
point. The third type of the vy vs. T curve is
characterized by two break points; the three regions
have different slopes. At a relatively high concentra-
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Fig. 1. Interfacial tension vs. temperature curves at
constant mole fraction under atmospheric pressure.
(1): 104%:=0, (2): 0.17, (3): 0.29, (4): 0.45, (5): 0.53, (6):
0.66, (7): 0.70, (8): 0.77, (9): 0.91, (10): 1.03, (11): 1.25,
(12): 1.34, (13): 1.54, (14): 1.75, (15): 2.02, (16): 2.15,
(17): 3.02, (18): 3.90. .
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Fig. 2. Interfacial tension vs. mole fraction curves at
constant temperature under atmospheric pressure.
(O): 288.15K, (A): 293.15K, (O): 298.15K, (@):
303.15K, (A): 308.15 K.

tion, one of the break points on the curve disappears;
this curve is classified as the forth type. Finally, at a
high concentration, the vy value increases linearly with
increasing T. This behavior is slightly different from
that of cholesterol at the benzene/water interface at the
point that the break points of the latter are vague.®
Shown in Fig. 2 are the vy vs. x1 curves at several
temperatures under atmospheric pressure depicted by
picking up the values of vy from Fig. 1; v vs. x1 curve
definitely has two break points corresponding to the
ones on the vy vs. T curves observed in Fig. 1. Ina
conceniration range beyond the concentration of the
second break point, the vy value decreases rapidly with
increasing xi.

It is reasonably assumed for the system that the
mutual solubility of hexane and water is negligible,
cholesterol is insoluble in water, and the hexane
solution of cholesterol behaves ideally. According to
the rigorous thermodynamics of adsorption at inter-
faces,”-® the interfacial excess number of moles of
cholesterol can be calculated by applying

't = — (x1/RT)37/9x1)Tp (1)
to the vy vs. x1 curve at constant T and p given in Fig. 2.
The I'fl vs. x1 curves obtained at various temperatures
under atmospheric pressure are shown in Fig. 3. The
value of I'}! is seen to increase steeply with increasing
x1 even at a low concentration of the order of 10-5in x1
and changes discontinuously at the concentrations
corresponding the break points. At a concentration
above the second break point, the value of I'fl is found
to be little affected by the concentration. The
discontinuous changes clearly indicate that two kinds
of phase transitions take place in the adsorbed film.
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Fig. 3. Interfacial excess number of moles vs. mole
fraction curves at constant temperature under
atmospheric pressure. (1): 288.15 K, (2): 293.15K,
(3): 298.15 K, (4): 303.15 K, (5): 308.15 K.

Furthermore, the I'! value and its difference at the
phase transition point are found to decrease gradually
as the temperature increases.

In order to make sure what is the state of the
adsorbed film, it is advantageous to draw the
interfacial pressure 7 vs. area per molecule 4 curve, n
and A4 being defined, respectively, as

T=9"—vy (2)

and

A =1/T¥Na, (3)
where 40 is the interfacial tension of pure hexane/
water interface and N4 the Avogadro’s number. By use
of the v vs. x1 curves in Fig. 2 and the values of I'! in
Fig. 3, the ©n vs. 4 curves were obtained at various
temperatures under atmospheric pressure; they are
depicted together with those of cholesterol at the
benzene/water interface® and of 1-octadecanol at the
hexane/water interface? at 298.15 K in Fig. 4. All the
curves are seen to show two discrete changes in 4 at the
transition pressures. On the other hand, it has been
known that the insoluble monolayer of cholesterol at
the air/water interface forms a condensed film with the
area per molecule of about 0.4nm2? in which
cholesterol molecules are packed closely and oriented
vertically.4®  Comparing these results, we can
conclude that the two break points on the y vs. x1
curve exhibit the first-order phase transitions from the
gaseous to the expanded film and from the expanded
to the condensed one. Further we find from Fig. 4 that
the area of cholesterol molecule in the condensed state
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Fig. 4. Interfacial pressure vs. area curves at con- -1.9 1' ! -
stant temperature under atmospheric pressure. (1): 0 3 2 3
288.15 K, (2): 293.15 K, (3): 298.15 K, (4): 303.15 K, (5): 10”2

308.15 K, (6): cholesterol at benzene/water interface,
298.15 K, (7): 1-octadecanol at hexane/water inter-
face, 298.15 K.

is about twice that of 1-octadecanol molecule. This
finding is explicable by the large size and rigid
structure of cholesterol molecule. Moreover the area of
cholesterol at the benzene/water interface is observed
to be more expanded when compared with that of
cholesterol at the hexane/water interface.

In order to clarify the adsorption behavior of
cholesterol at the interface in further detail, it is
advantageous to evaluate and examine the thermo-
dynamic quantities of interface formation. At first, the
entropy change associated with the adsorption of
cholesterol As can be evaluated by

As = — (3v/3T)px - (4)

Figure 5 demonstrates the As vs. x1 curves at various
temperatures under atmospheric pressure obtained by
applying Eq. 4 to the vy vs. T curves in Fig. 1. The As
value seems to be independent of temperature whereas
the concentration of the phase transition depends
appreciably on temperature. Inspecting the variation
in As with x1, we notice that the As values of the
gaseous and expanded films decrease gradually with
increasing x1, while the one of the condensed film does
not change appreciably with x;. Comparing Fig. 5
with Fig. 3, we can conclude that the value of As is
correlated to that of I'f and the adsorption of cholesterol
makes a negative contribution to As. On the other
hand, as seen in Fig. 5, the value of As at the
benzene/water interface decreases even in the case of
the condensed film. This fact indicates that choles-
terol forms a loose film at the benzen/water interface.
Now the comparison of the entropy change of
cholesterol with the corresponding one of l-octa-
decanol seems to be useful. The As vs. x1 plots of 1-

Fig. 5. Entropy change vs. mole fraction curves of
cholesterol at constant temperature under atmos-
pheric pressure. (1) 288.15K, (2): 293.15K, (3):
298.15 K, (4): 303.15 K, (5): 308.15 K, (6): cholesterol
at benzene/water interface at 298.15K, (7): 1-
octadecanol at hexane/water interface at 298.15 K.

octadecanol at 298.15 K under atmospheric pressure is
also shown in Fig. 5. It is apparent that the phase
transition of 1-octadecanol from the expanded to the
condensed state is attended by a large decrease in
entropy while that of cholesterol is done by a small
decrease. Accordingly, in the state of the condensed
film, the absolute value of As of cholesterol is
considerably small compared with that of l-octa-
decanol. Such a behavior is attributable to the rigid
structure of cholesterol; that is, the conformation of
cholesterol is not so much changed when the molecule
is transferred from the hexane solution to the adsorbed
film.

Let us now verify thermodynamically that the break
point on the vy vs. T curve represents the occurence of
the phase transition. The two states, say o and B, of
the adsorbed film are described, respectively, by

dy = — As*dT + Avedp — I'*(dur/dx1)dx, (5)
and
dy = — AsPAT + AvPdp — I'HB@ui/dx1)dx:. (6)

Since the two phases are in equilibrium, elimination
of the variable x; between Eqgs. 5 and 6 at constant
pressure and rearrangement of the resulting equation
yield the following equation;

(9y<a/dT), = — (AsP/T'{P — Ase/T{%) /
(/1 — 1/1{) (7)

where yed is the equilibrium interfacial tension. The
left side of Eq. 7 is estimated from the slope of the
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Table 1. Comparison between Left and Right Sides
of Eq. 7 at 298.15 K under Atmospheric Pressure

Expanded/Condensed
Eq. 7/mJ K-1m=2

Gaseous/Expanded
Eq. 7/m] K- 1m—2

1s. ISs. 1s. TS.
—0.13 —0.10 —0.16 —0.31

dotted curve depicted in Fig. 1 and the right side is
calculated by use of the quantities shown in Figs. 3
and 5, so that we can check whether Eq. 7 holds for the
present system. The values of the left and right sides of
Eq. 7 were evaluated for the phase transitions and
compared with each other in Table 1. Taking account
of errors in calculations, the agreement between both
sides of the equation is not unsatisfactory. Con-
sequently, we can say that the adsorbed film of
cholesterol exhibits the first-order phase transition
from a gaseous to an expanded film and that from an
expanded to a condensed film.

Finally, the energy change associated with the
adsorption Au can be calculated by making use of the
relation

Au =y + TAs — pAv. (8)

The numerical values of the first and second terms on
the right side are obtained from Figs. 2 and 5,
respectively.  The third term was proved to be
negligibly small compared with the other terms under
atmospheric pressure.? The Au value evaluated is
plotted against x; at 298.15K under atmospheric
pressure in Fig. 6. In the gaseous and expanded states,
the value of Au decrease gradually with an increase in
concentration, while in the condensed state it is almost
independent of the concentration. Taking into
account that the I'! value is nearly constant in the
condensed state, this finding suggests that the adsorp-
tion of cholesterol at the interface makes a negative
contribution to the energy change. Consequently, we
can say that the adsorption of cholesterol diminishes
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Fig. 6. Energy change vs. mole fraction curve at
298.15 K under atmospheric pressure.

the energy of the hexane/water interface and overcomes
the disadvantage caused by the decrease in entropy.
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Molecular Rotational Potentials in Solid Halogenated Benzenes:
CeClg, sym-CgClsFs, and CeFg
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In a previous paper which examined the molecular rotation in sym-CgClsFs crystal by the 35Cl1 NQR an
unrealistically long activation parameter, 7o, for the molecular rotation was obtained by assuming the three-fold
molecular uniaxial reorientation. In order to examine the reason for such unacceptable result the relaxation
time (7T1) data were reanalyzed with the help of the computer experiment which calculates the rotational
potential function for each molecule in the crystal lattice. The computation was carried out using the 6-
exponential type interatomic pair potential functions. It was found that the potential for the plane molecular
rotation in the hexagonal unit cell is non-sinusoidal and has, in addition to the most stable orientation, an extra
minimum where the molecules can stay for a finite time at moderately high temperatures. The rotational
potential thus obtained was used successfully to reanalyze our previous T} data for this material. %Cl NQR T1’s
were measured for CeClg crystal and analyzed using anisotropic rotational potentials. The analysis predicted
possible disordered structure of this material. In the case of C¢Fs it was confirmed that the in-plane rotation of
two crystallographically inequivalent molecules can be excited with different activation energies from each
other, being consistent with the previous fluorine NMR work.

Organic molecules crystallize usually into an aniso-
tropic unit cell and, since the shapes of molecules
themselves are usually anisotropic, they execute in
general a complex motion. The procedure to deduce
information about the dynamical characteristics of the
crystals from NMR, NQR, or other spectral data is
thus very complicated, and we are often led to wrong
assignment of the molecular motion as has been
pointed out for molecular rotation or reorientation of
t-butyl groups? and tetramethylammonium ions.?

Previously we measured the 35Cl spin-lattice relaxa-
tion time in sym-CeClsFs and observed a sharp decrease
in the T1 which is due obviously to an excitation of a
large amplitude motion of the molecules.® As this
substance crystallizes into a hexagonal P6s/m struc-
ture in which the Cs axes of nearly planar molecules
are aligned parallel to the crystalline c axis? and our
9F high-resolution NMR spectra indicated that a
motional averaging of the shielding tensor compo-
nents in the molecular plane occurs,® we assigned that
35Cl] relaxation and 9F line narrowing are due to
molecular three-fold reorientation. However, the
quantitative analyses of the relaxation data with the
three-fold reorientation led to an activation energy of
18.2kJ mol-! and the corresponding preexponential
factor, 17p=3.42X10-7s, the latter being unbelievably
long.® Therefore, we have tried to reexamine the
relaxation data with the aid of computer calculation of
the rotational potentials for the molecules. The
analyses of the relaxation data ‘combined’ with the
computer works are also carried out on crystalline
CsCls and CeFs. This paper presents new results of
reanalysis of experimental data.

Experimental and Computational Procedures

The measurements of the spin-lattice relaxation times
were conducted for the three 35Cl NQR lines in solid CeCls

using MATEC pulsed NQR apparatus between 77 and 250 K
by the 90°-7-90° and the saturation-7-90° methods. The
experimental uncertainty was estimated to be within £10%
throughout the measurement. The specimen was of
commercial source and purified by recrystallization twice
from benzene solution, then followed by vacuum sublima-
tion.

sym-CgClsFs (Alfa Products) was purified by vacuum
sublimation and sealed in an ampule with He gas (ca.
2000 Pa) for the heat exchange. The spin-lattice relaxation
time of the 9F in sym-CgClsF3 was carried out using a home-
built pulsed NMR equipment at 10 MHz between 228 and
334 K with the experimental accuracy of +30%.

The computational works were done with the Buckingham
6-exp interatomic pair potential functions; the parameters
presented originally by Williams® and evaluated by Gavezzotti
and Simonetta? were used. The computation was simply to
take the lattice sum for individual atom pairs within the cut
off distance of 1.2—1.4nm using a FORTRAN program
which is a modification of PACK2 coded by Williams® so as
to compute the molecular rotational potentials. The static
lattice energy and the rotational potential about the
molecular Cs axis were calculated for CgCls, sym-CgClsFs,
and CgFg using the crystal structural data.49-19 The error
introduced by cutting off the lattice sum was estimated to be
less than 0.7%.

Results and Discussion

Table 1 summarizes the activation parameters
obtained from the present and the former® NQR and
NMR experiments, and the computed results of static
lattice energies and rotational potential barriers for the
three compounds together with the reported heats of
sublimation for CeCls and CeFs. The values of the
activation parameters for CeF¢ were taken from a
previous work.1?

The static lattice energy of CgCle is slightly larger
than the experimental heat of sublimation but the
difference is considered to be insignificant. In the case
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Table 1. The Calculated Lattice Energy E1, Rotational Potential Barrier ¥, and the Experimental
Results of Heat of Sublimation AH;, and Activation Parameters in Halobenzenes
EL AHs VO Ea To
Substance Space group
k] mol-! kJ mol-! kJ mol—! k] mol-! s
CsCls P21/n 89.3 91.79% 63.0 61.910.9 (v1) 3.7 X10-16
59.811.7 (v2) 1.1 X10-1
64.112.4 (v3) 1.4 X10-17
sym-CeClsFs (LTP) P6y/m 18.240.59 3.42X10-7
71.6 42.0 19.7+0.8 4.97X10-11
(HTP) 35 +3
CsHs P2:/n 54.8 46.62% 27.6 (c) 31.29 2.3 X10-159
15.3 (e) 12.69 1.1 X10-189

a) G. W. Seas and E. R. Hopke, J. Am. Chem. Soc., 71, 1632 (1949).

Thermodyn., 2, 867 (1970). c) Ref. 3. d) Ref. 11.
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Fig. 1. 35Cl spin-lattice relaxation times for three

NQR lines; O: vy, [I: vy, A: vs of CeCle.

of Ce¢Fs agreement is very good provided that the zero-
point lattice vibration contributes to some extent to
the heat of sublimation. Thus we can say that the
lattice sums based on the Williams’ potential pa-
rameters can be used to evaluate the static energetics of
crystal lattices of the halogenated benzenes in almost a
quantitative manner.

CeClg. CeClg crystal contains four crystallographi-
cally equivalent molecules in a monoclinic unit cell.9
Each molecule has three inequivalent chlorines and
the corresponding 35Cl NQR frequencies were 1=38.390,
19=38.465, and vs=38.504 MHz at liquid nitrogen
temperature. The spin-lattice relaxation times, T4, for
these three chlorines are shown in Fig. 1. The plot of
T1 vs. T2 gave straight lines for each transition below
about 200 K, indicating that the quadrupolar relaxa-
tion is governed by the lattice vibrations at low
temperatures. The drastic shortening of the T above
200 K is obviously brought about by some molecular

b) J. F. Messerly and H. L. Finke, J. Chem.
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Fig. 2. Potential energy for the molecular rotation
about the molecular 6-fold axis in CeCls crystal.

reorientation. In the course of the present work we
found that an NQR experiment on CgClg above 77 K
was done by Danilov and Izmest’ev.? Our experi-
mental Ti’s for each of the three inequivalent
chlorines agree well with their result. Our average
activation energy, 61.6 kJ mol-!, is slightly higher
than theirs, 59.0 k] mol-1. However, the preexponen-
tial factors, 7o, in our measurements (Table 1) are
significantly short compared with their values, 5X10-13—
1.3X10-4s due probably to the difference in the
evaluation of the contribution of the lattice vibrations
to the relaxation rate below about 200 K.

The rotational potential energies were calculated by
rotating the molecules about their figure axes in the
crystal lattice; the simultaneous rotation of all the
molecules led, however, to an unrealistically low
potential barrier and so we rotated molecules which
are located at the next nearest neighbor sites while
fixing the nearest neighbors at their original orienta-
tions. The rotational potential function thus obtained
is shown in Fig. 2 and the values of the potential
barrier is 63.0 kJ mol-1.

The rotational potential satisfies the six-fold sym-
metry but the individual potential wells are asymmetric
because the molecular site symmetry is low in the
crystalline unit cell. The potential barrier to the
molecular 6-fold reorientation, 63 kJ mol—1,19 agrees
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Fig. 3. Rotational potential energies about the 6-
fold axis and three two-fold axes in C¢Cls crystal;
the notation is referred to in Ref. 9.

excellently, when the zero-point vibrational effect is
taken into account, with the average value of the
experimental activation energies, indicating that the
6-fold reorientation is responsible for the 35Cl relaxa-
tion.

Reynolds pointed out the existence of some orien-
tational disorder or defects in CgCle crystal at room
temperature.’® In order to examine the possibility of
such disorder we attempted again the computation of
the rotational potential function by rotating the
molecules about other molecular axes: The results are
shown in Fig. 3. We see in this figure a metastable
orientation which can be reached by rotating the
molecule about the axis through Cli7 and Clis (the
notation in Ref. 9) by 45° and has the potential energy
of 8.4 kJ mol-! measured from the equilibrium orienta-
tion. This metastable state is located close to the
position of misorientation indicated by Reynolds and
so our model calculation supports his assertion. He
estimated the misorientation energy to be 2—3 kJj mol-!
so that 3 to 4 percent of molecules can be at the
disordered orientation at room temperature; such a
disorder can induce the disturbance of the electric field
gradient at nearby sites of chlorines, causing the
broadening and fade-out of the 3°ClI1NQR signals
which has been recognized above room temperature.19

Molecular jumps between these two orientations
may cause the quadrupole relaxation as in the case of
sym-CgClsF3s (see in Section C below). However, we
could not distinguish this relaxation process from the
6-fold reorientation due probably to relatively small
difference in the potential barriers for the two-site
jump (estimated as 46.2 k] mol-!) and for the 6-fold
reorientation. A 35Cl relaxation experiment with
greater precision will discern such different relaxation

Vikd

1 1
0 60 120 180
f/degrees

Il
i

Fig. 4. Rotational potential energies about the
molecular 6-fold axes for two inequivalent molecules
in CeFs crystal. Solid line: c-site, broken line e-site,
the notation is referred to in Refs. 10 and 11.

processes.

Ce¢Fe. Two different rotational potential functions
were obtained for CeFe crystal corresponding to the
two crystallographically inequivalent molecular sites
(e- and c-sites)!® as shown in Fig. 4. The shapes of
these two potential functions are slightly asymmetric
because we rotated slightly asymmetric molecules as
rigid bodies. The heights of the rotational barriers,
15.3 (for the e-site) and 27.6 k] mol-1 (c-site), can be
compared with the experimental activation energies,
12.6 and 31.2 kJ mol-!, which were assigned to the 6-
fold reorientations for the e- and the c-site molecules,
respectively.1V

sym-CeClsFs. The relaxation of the YF in sym-
CsClsFs above its phase transition point, 296 K, was
represented by a single relaxation process up to the
melting point (335.0K); the T: assumes the value,
(4.0£0.7) s, at 296 K and decreases monotonously on
heating, giving rise to an activation energy of
(3514)kJ mol-1. This activation energy above the
phase transition point is about twice as large as that
deduced previously from the Ti of 3Cl in the low
temperature phase.® This fact suggests that different
molecular motional modes are responsible for the
relaxation in the low and high temperature phases of
this compound.

Figure 5 shows the rotational potential functions for
a rigid molecule located in the unit cell of the low
temperature form at room temperature and at 4.2 K,
respectively. It can be seen that the contraction of the
unit cell by only about 0.01 and 0.023 nm along the
crystallographic a- and c-axes, respectively, leads to
the stabilization of the equilibrium structure and
a significant increase in the rotational barrier. The
potential function possesses, between the equilibrium
molecular orientations (S of Fig. 5) at the rotational
angles 6=0 and 120°, two extra minima at 60° (My)
and 95° (ML), the heights of which measured from the
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Fig. 5. Potential energy for the molecular rotation
about the molecular figure axis in sym-CgClsF3
crystal.  Solid line: at room temperature; broken
line: at 4.2 K.

equilibrium orientation are 19.8 and 14.3 k] mol-1,
respectively, at room temperature. The heights of the
potential barriers for reaching the metastable orienta-
tions ML and My amount to 17.4 and 33.9 k] mol-1,
respectively, and that for the 3-fold reorientation is
42.0 k] mol-1.

The value of the potential barrier for the 3-fold
reorientation, 42 kJ mol-! is higher than the activation
energy, 35k]J mol-!, obtained from F NMR in the
high temperature phase; however, taking account of
the thermal expansion and possible structural change
due to the phase transition, one can expect that the
potential barrier is reduced to some extent at high
temperatures. Therefore, the above value of the
activation energy can be reasonably assigned to the
molecular 3-fold reorientation which is excited only in
the high temperature phase.

The potential energy needed to excite the molecule
to the metastable orientation My, 17.4 kJ mol-1, can be
compared with the value of the experimental activa-
tion energy, 18.2 k] mol-1, evaluated previously from
the analysis of the T of 33Cl and attributed then to the
3-fold reorientation. Itis now obvious that the misled
assignment of the experimental activation energy led
to an unreasonable value of the preexponential factor
70 as we pointed out above. Here we will reanalyze the
chlorine T data on the basis of the molecular jump
mechanism between the equilibrium and the lower
metastable orientations My by applying the strong
collision theory for the quadrupole relaxation.16.17

When a molecule jumps stochastically between two
sites, the stable @ and a metastable &’, separated by an
angle 6, with a potential energy difference AE, the
rate equation for the polarization P at the « site is
represented by

d(Pe(t) — <P>)/dt = 2 P(WearP® — WaraP?)
= 2 WaraQ(PY — <P2>), (1)

where
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P = (3c0820, — 1)/2, Q = 3sin26,/2, (2)

and w,e is the transition probability from the site o’ to
the @, and the following relation between wae and waq
holds:

Waa' = WeoXP(AE/RT). (3)

The general solution of the rate equation with an
initial condition that P*0)=0, i.e. just after the 90°
pulse, is given by

[P(t) — <P*>)/<P*>= diexp(—t/T}) + Asexp(—t/T}),
(4)

where

(I/THY) = (1/2)[(wee + wea )P + Q)
T {(wae)XP + Q)P + Q2 + 2PQ)waewaa}?], (5)

A1 = (I/TE — weaQ)/(1/ Ty — 1/TY), (6)

where the plus sign is taken for 7] and the minus sign
for TY, and

Az = (I/T} — weaQ)/(1/TH — 1/TY). 7

Calculation of the 4; and A2 with 6,,=25° and
AE=14.3 k] mol-! gives 4:=~0. Hence the relaxation
process can be described by a single relaxation time
Ti. By insertion of the experimental T of 3Cl into
the above equations, the transition probabilities, wae
and w.. can be obtained and, defining the correlation
time 7. by t=1/wu, the value of the 7. at each
temperature is derived as is shown in Fig. 6. The
fitting of the 7’s to the Arrhenius activation process,
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Fig. 6. The correlation time for the two-site jump
process in sym-CeClsF3 crystal.
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7. = toexp(E./RT), (8)

leads to a new set of activation parameters, E.=19.7 k]
mol~! and 7=4.97X10-1s, for the molecular jump
between the S and M. orientations.

This value of the E, is slightly higher than the
potential barrier, 17.4 k] mol-! between the S and M.
orientations, and the corresponding 7o seems to be still
very long compared with those in C¢Clg and CgFg.11-18
However, it is obvious that the molecular motion
which governs the 35Cl quadrupole relaxation is the
orientational jump between the stable and a metastable
site, though the possibility that small fraction of the
molecules can overcome the higher potential barrier to
realize the 3-fold reorientation at moderately high
temperatures can not be ruled out.

We see in the above examples that the model
calculation of the potential energy functions can be
used to distinguish various molecular motional modes
and so it helps greatly to endorse the analyses of the
magnetic relaxation data and also perhaps of other
spectral data in complex molecular crystals.

Although the above calculation of the crystal
properties gives almost quantitative interpretation to
the experimental findings, we will need further
refinement of the potential parameters for performing
more reliable computational works. Very recent work
on the lattice dynamics in sym-CgClsFs states, for
example, shows that a new set of the pair potential
parameters is superior to the widely accepted Williams
parameters in reproducing the experimental phonon
dispersion relations.!® Molecular dynamics approach
will also be very useful for understanding of both the
static and dynamic structures of these and other more
complex molecular crystals in which large amplitude
molecular motion and some kind of molecular
misalignment are closely concerned with the crystal
stability.

We are grateful to Professor Hideaki Chihara for
many helpful and stimulating discussions. We are also
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grateful to Professor G. Wulfsberg (Middle Tennesse
State University) for valuable comments.
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Ultrasonic Study in Aqueous Solutions of Alcohols with
Methoxyl and Propoxyl Groups
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Ultrasonic absorption, velocity and density measurements were carried out in aqueous solutions of 1-
methoxy-2-propanol and 3-(3-methoxypropoxy)propanol as a function of their concentrations at 25°C. A
single ultrasonic relaxational phenomenon was observed in both solutions in the frequency range from 6.5 to
220 MHz. The cause was attributed to a perturbation of an equilibrium associated with the solute solvent
interaction, AB=—A+B, from the concentration dependences of the relaxation frequency and the amplitude of
the relaxational absorption. The rate and thermodynamic parameters were determined for the above process. It
was found that the methoxyl group introduced in alcohol molecule acted as a water structure breaker while the
propoxyl group promoted the water structure. Speculation of excess ultrasonic absorption in various mono-
hydroxy alcohol aqueous solutions was carried out from the present data. In order to further confirm the
participation of the solvent water molecule in the observed relaxation process, absorption measurements were
carried out in methanol, dimethyl sulfoxide, and their mixed solvents with water for 3-(3-methoxypropoxy)-

propanol.

It is well established that the solvent water structure
may be altered by the addition of solutes. Such
characteristics have been studied by many static
experiments in electrolyte and nonelectrolyte aqueous
solutions.»? The application of ultrasonic absorption
techniques, as one type of relaxation method, provides
useful information concerning the dynamic properties
of the solutions and also gives structural character-
istics of the solvents.3-4

The present authors have reported on the kinetic
properties in aqueous solutions of various alcohols
studied using ultrasonic methods.5-? The character-
istics of sound absorption are strongly dependent
upon the hydrophobicities of the solute molecules. In
aqueous solutions of 2-butoxyethanol, 1-propanol,
and 2-methyl-2-propanol, two relaxation processes
have been found, while a single relaxation process has
been found in those of 2-propanol and allyl alcohol
with smaller hydrophobicities. One of the relaxation
processes observed in the frequency range from 10 to
120 MHz has been associated with an interaction
between the solute and the solvent. In a previous
report,® we showed that the ethoxyl group in alcohols
slightly affects the water structure as the promoter. It
is therefore desirable to examine the effects of other
groups which have ether oxygen in solutes. For this
purpose we have chosen two solutes, l-methoxy-2-
propanol and 3-(3-methoxypropoxy)propanol, and
the ultrasonic absorption coefficients have been
measured in their aqueous solutions as functions of
the frequency and concentrations.

On the other hand, excess absorption in aqueous
solutions of alcohols has now been interpreted using
fluctuation models.9-1Y  According to the theories
proposed so far, the absorption coefficient divided by
the square of the measured frequency should increase
monotonously with decreasing frequency. In this
paper, we also report on some results which are

frequency independent in the low-frequency range.
Further, it is speculated from the present study that
excess sound absorption in methanol and ethanol
aqueous solutions may appear at very high-frequency
regions.

Experimental

1-Methoxy-2-propanol and 3-(3-methoxypropoxy)propanol
[dipropylene glycol monomethyl ether] were of purest grade
from Tokyo Kasei Co., Ltd. and were distilled once.
Methanol and dimethyl sulfoxide [DMSO] were purchased
from Wako Chemical and were used without further
purification. The desired solutions were prepared with
doubly distilled water, methanol, and DMSO either by
weighing or volumetrically.

The sound absorption coefficient, &, in the frequency"
range between 6.5 and 220 MHz was measured by a
computerized pulse apparatus, details of which are described
elsewhere.l? The sound velocity was measured using an
interferometer at 2.5 MHz. Density measurements were
carried out using a conventional pycnometer (about 4 cms3).
The measurement cells for all equipments were immersed in
a water bath which was thermostated within £0.002°C. All
of the measurements were carried out at 25 °C.

Results and Discussion

Figures 1 and 2 show some representative ultrasonic
absorption spectra in aqueous solutions of 1-methyloxy-
2-propanol and 3-(3-methoxypropoxy)propanol at
25 °C. All of the spectra are well-expressed by a single
relaxational equation,

r = (a/f> — B)fc = Afc/[1 + (f/f?], (1)
or
a/fr= A/[1 + (f/f)?] + B. (1%

In the above, u is the ultrasonic excess absorption
per wavelength, f the frequency, ¢ the sound velocity,
A the amplitude of the relaxational absorption, f; the
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relaxation frequency and B the background absorp-
tion. The ultrasonic absorption parameters, A, B, and
f- were determined by a microcomputer connected to a
pulse apparatus employing a non-linear least-mean-
square method. The solid curves in Figs. 1 and 2 are
those of the calculated values. It should be noticed
that in both solutions, a/f? values less than 10 MHz are
almost frequency independent. In Table 1, the
obtained ultrasonic parameters are listed as a functions
of the analytical concentration of the solutes, along
with sound velocity and density data. The concentra-
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Fig. 1. Representative ultrasonic absorption spectra

in aqueous solutions of 1-methoxy-2-propanol at
25°C. The arrow shows the position of the relaxa-
tion frequency. ©: 3.22 mol dm=3, ®: 3.94 mol dm3,
O: 4.97 moldm™3.
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tion dependences of the ultrasonic parameters are
quite similar to those for other alcohol solutions so far
reported.5—9 That is, the relaxation frequency shows a
minimum and the amplitude of the relaxational
absorption a maximum, though their values depend
on the structures of alcohols. Also, the sound velocity
goes through a maximum at 3.75 mol dm—2 for a 1-
methoxy-2-propanol solution and at 2.30 mol dm-3 for
a 3-(3-methoxypropoxy)propanol solution. These are
characteristic of aqueous solutions of nonelectrolytes
with a hydroxyl group. As has been described in detail
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Fig. 2. Representative ultrasonic absorption spectra
in aqueous solution of 3-(3-methoxypropoxy)pro-
panol at 25°C. ®:2.40 mol dm=3, O: 3.50 mol dm=3,
©: 5.00 mol dm-3.

Table 1. Ultrasonic and Thermodynamic Parameters for Two Aqueous Soutions at 25°C
Concn fr A B c p
mol dm-3 MHz 10-15s2 m—1 m s™1 kg dm=3
1-Methoxy-2-propanol aqueous solution
2.98 191£30 21£2 3113 1644.5 0.9975
3.22 1341422 17+1 46t1 1648.1 0.9975
3.48 93+13 2442 5411 1651.6 0.9972
3.94 102126 30+£3 6713 1651.2 0.9964
4.48 89%13 5815 74%2 1646.4 0.9948
4.97 103+12 64+3 91+3 1627.6 0.9925
5.57 103£30 6218 1056 1598.8 0.9884
6.05 9515 7015 110+3 1579.2 0.9848
6.90 12617 5813 111+4 1526.5 0.9761
3-(3-Methoxypropoxy)propanol aqueous solution
1.80 13220 4242 49+3 1638.9 1.0001
1.96 143114 57%2 53+3 1643.3 1.0076
2.40 120+9 12013 83t4 1647.7 1.0085
2.60 99+9 1657 88+5 1640.2 1.0087
3.00 9610 202+9 149+12 1624.4 '1.0076
3.41 89t6 29118 153£8 1298.4 1.0066
3.50 9013 313%5 160+3 1592.7 1.0061
3.86 98x5 306£6 17717 1566.3 1.0034
4.00 1067 30518 16618 1553.3 1.0011
4.40 111+6 27616 15916 1526.9 0.9976
5.00 119£10 178+5 151+6 1469.5 0.9875
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in previous reports,>? only a perturbation of the
equilibrium associated with the solute solvent interac-
tion has remained as a possible cause of relaxational
absorption, in order to interpret the concentration

dependence of the ultrasonic parameters. It can be
expressed by the following model:
ka2
AB = A+B, @)
ka1

where A is the solute molecule, B the solvent molecule,
and AB the complex formed by the solute and solvent
molecules. It is assumed that the reactant, B, is a water
molecule which is a non-hydrogen-bonded, or less
structured water molecule: precisely, it should be
expressed as water molecule which has the ability to
interact with the solutes. The relation between the
relaxation frequency and the reactant concentrations is
given by

2nfr = ka([A] + [B]) + hiz. 3

From the structures of alcohols and water, it might be
possible to say that more complicate complexes by
plural hydrogen-bondings between them may be
constructed. However, the most plausible or main
complex seems to be a 1:1 type, since the observed
absorption can clearly be expressed by a single
relaxational equation and the concentration depen-
dence of the relaxation frequency is not well-
interpreted by a model like AB2<—A+2B.1® Further,
the interaction process between water-water¥ has
been estimated to be around 160 GHz, and that for
alcohol-alcohol!® has been found to be around 8 GHz.
Therefore, the coupling effect from the fast process to
the observed one may arise from a reaction associated

with an alcohol-alcohol interaction. Then, the
reaction scheme may be expressed as
ka2 ko3
AB A A¥, (4)
B
ka1 ka2

where A* is an alcohol molecule in another state, i.e.
the molecule participating in aggregates by hydrogen-
bonding with each other. Then, the relaxation
frequency associated with the observed process is
derived as

2nfe = ka([A] + [B]){] — kes/(kes + ks2)} + ki (5)

If k32 is much larger than ks, the effect from the faster
process may be neglected. Even if the effect is not
ignored, the concentration dependence of the relaxation
frequency is the same as that of scheme (2). Therefore,
the rate constant, k21, used in the following analysis
might include the term, kos/(kestksz). The relation
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between the relaxation frequency and the analytical
concentrations of alcohol and water is derived as
follows,® (on the assumption that the concentration of
the hydrogen-bonded alcohol is small):

2nf: = ka1[(Ce — BCw + K12)? + 4BCwK12]'2, (6)

where C. and Cy are the analytical concentrations of
alcohol and water, respectively, Kis the equilibrium
constant defined as Ki2=ki12/ks1 and B the fraction of
the non-hydrogen-bonded water molecules. The three
parameters, ko1, K12, and B, which were assumed to be
concentration independent, were determined so as to
obtain the best fit of the exprimental relaxation
frequency to Eq. 6 by means of a non-linear least-
mean-square. Figure 3 shows plots of the observed
relaxation frequencies and theoretical curves which
were calculated continuously, using the values in Table
2.  For aqueous solutions of l-propanol and 2-
propanol,5:® the calculation was carried out using a
trial-and-error method. Therefore, the recalculation
was carried out using a similar computer program;
almost the same values were determined (Table 2).

The concentration dependence of a maximum
excess absorption per wavelength, pm, should also be
explained in order to confirm the cause of the
relaxation phenomenon. It is given by?

m = npc2[(AV — a,AH/pCy)2/2RT, )

1 | |

200
T 150
=
~
w

100+

20 40 6.0
Ce/mol dm™3
Fig. 3. Concentration dependence of the relaxation

frequency for aqueous solutions of 1l-methoxy-2-
propanol and 3-(3-methoxypropoxy)propanol. The
solid curves are the calculated ones. @: 1-methoxy-2-
propanol solution, O: 3-(3-methoxpropoxy)propanol
solution.
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Table 2. Comparison of the Rate and Thermodynamic Constants for Aqueous
Solutions of 1-Propanol, 2-Propanol, 1-Methoxy-2-propanol,
and 3-(3-Methoxypropoxy)propanol at 25°C

ka1

Ki2

Solute
108 mol—! dm3s—1

e B Reference
mol dm™

0.51%0.05
0.9210.03
1.9 £0.3
1.7 £0.1

1-Propanol

2-Propanol
1-Methoxy-2-propanol
3-(3-Methoxypropoxy)propanol

4.5 £1.0
1.5 £0.1
0.4110.20
0.7910.13

0.14110.013 5
0.155+0.004 6
0.177£0.011 This work
0.133£0.005 This work

where p is the solution density, AV the standard
volume change of the reaction, a, the thermal
expansion coefficient, AH the standard enthalpy
change of the reaction, C, the specific heat at a
constant pressure and I” the concentration term which
is dependent on the reaction. It is expressed by the
following equation for the reaction under considera-
tion:

I'={1/[AB] + 1/[A] + 1/[B] — 1/([AB] + [B] + [A])}!
(8)

In order to interpret quantitatively the concentration
dependence of um, the specific heat and the thermal
expansion coefficient data at each concentration are
necessary. However, such data are not available in the
literature and the former value, unfortunately, can not
be determined in our laboratory. We reluctantly
examine the trends of the maximum excess absorption
per wavelength qualitatively, since the most dominant
term controlling the dependence may be pc2l. In Fig.
4, the dependences of the maximum excess absorption
per wavelength and pc?I” on the analytical concentra-
tion are shown for 3-(3-methoxypropoxy)propanol
solution. A similar profile was also found for a 1-
methoxy-2-propanol solution. These trends of um and
pc2l” were quite similar and they confirmed to us that
the cause of the relaxation was associated with an
interaction between the alcohols and water. When the
ultrasonic relaxation was assumed to be mainly due to
a volume relaxation, the standard volume change of
the reaction was calculated to AV=4.8 cn® mol-1! for
3-(3-methoxypropoxy)propanol solution. However, it
increased monotonously with the analytical concentra-
tion. This means that the contribution from thermal
relaxation can not be ignored.

It may still be questioned whether the water
molecules participate in the observed relaxation
process. This may be clarified by changing the water
concentration at a fixed solute concentration. In the
MHz frequency range, there is no relaxational
absorption in methanol and DMSO. Also, their
mixtures with water indicate no relaxational absorp-
tion up to 220 MHz.16-1® These solvents may therefore
be suitable for the above experiments. Figure 5 shows
the absorption spectra in a methanol and a methanol-
water mixed 3-(3-methoxypropoxy)propanol at 3.50

I
a

fc2r /10 kg m*s2 mol

| 5
2 4 6

o

Ce / mol dm~3

Fig. 4. The plots of the experimental pm (Q) and the
calculated pc2I’ (solid line) as a function of the
analytical concentration for 3-(3-methoxpropoxy)-
propanol solution at 25°C.
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T

s

10 50 100 500
f/ MHz
Fig. 5. Ulwasonic absorption spectra for the meth-

anol solution (@) and for the solution with 25 vol%
methanol as solvent (O) of 3-(3-methoxypropoxy)-
propanol at 3.50 mol dm=3.

mol dm-3. In the methanol solution of 3-(3-meth-
oxypropoxy)propanol, no relaxational absorption was
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T
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* 100 —
0 |
0 50 100

Me OH / vol.%

Fig. 6. The methanol concentration dependence of
the relaxation frequency for 3-(3-methoxypropoxy)-
propanol solution at 3.50 ml dm=3. The concentra-
tion of the methanol is shown as the volume% of
the mixed solvent.
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Fig. 7. The methanol concentration dependences of

the amplitude of the relaxational absorption (O)and
the background absorption (@) for 3-(3-methoxy-
propoxy)propanol at 3.50 mol dm™3.

observed. Upon adding the water, the relaxational
absorption appeared. Figure 6 shows the trend of the
relaxation frequency and Fig. 7 those of the amplitude
of the relaxational absorption and the background
absorption in the methanol-water mixed solvent at a
fixed concentration of 3-(3-methoxypropoxy)pro-
panol. With increasing the methanol content, the
relaxation frequency may be approximately constant
up to 50 vol% of methanol and then increases while the
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Fig. 8. Ultrasonic absorption spectrum of DMSO (O)

and those of DMSO solution (@) 25 vol% DMSO
solution (©), and the 50 vol% DMSO solution (®) at
3.50 mol dm=2 3-(3-methoxypropoxy)propanol. The
concentration of DMSQ is the volume% of the mixed
solvent.

amplitude of the relaxational absorption decreases, as
can be seen in these figures. These results may be
because the water structure is broken when methanol
is added, and the number of non-hydrogen-bonded
water molecules may still be maintained, even if the
analytical concentration of water decreases. A further
addition of methanol would change the water structure
even more. Figure 8 shows a similar ultrasonic
absorption spectra in a DMSO and DMSO-water
mixed solvent of 3-(3-methoxypropoxy)propanol. No
relaxational absorption was found in the DMSO
solution, though a relaxational phenomenon was
observed in the mixed solvent. Figures 9 and 10 show
the dependences of the relaxation frequency, the
amplitude of the relaxational absorption and the
background absorption on the DMSO content. The
relaxation frequency showed a minimum, as can be
seen in Fig. 9, and the amplitude of the relaxational
absorption indicated a maximum. These trends are
quite different from those found in a methanol-water
mixed solvent. This may be because the hydrogen-
bonding ability of DMSO (aprotic solvent) with water
is not the same as that of methanol. A quantitative
analysis for these mechanisms is beyond our objective
in this paper.

The above results regarding organic and mixed
solvents indicate that water molecules are surely
associated with the observed relaxation process in
aqueous media.

It is interesting to compare the obtained results with
those of various alcohol solutions. We first compare
the results for 1-methoxy-2-propanol and 2-propanol
solutions. As can be seen in the Table 2, the B8
parameter for a l-methoxy-2-propanol solution is
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Fig. 9. The DMSO concentration dependence of the

relaxation frequency for 3-(3-methoxypropoxy)pro-
panol at 3.50 mol dm~3.
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Fig. 10. The DMSO concentration dependence of the
amplitude of the relaxational absorption (O) and the
background absorption (@) for 3-(3-methoxypro-
poxy)propanol at 3.50 mol dm=3.

slightly larger than that for a 2-propanol solution.
This means that the number of hydrogen-bonded
water molecules decreases in an aqueous solution
when a methoxyl group is introduced in 2-propanol.
That is, a 1-methoxy-2-propanol molecule may have
more hydrophilicity than that of 2-propanol. Then,
the methoxyl group is estimated to act as a water
structure breaker. This may be consistent with the
interpretation regarding the result in a mixed solvent
of water and methanol for 3-(3-methoxypropoxy)-
propanol. It is noteworthy that the association rate
constant kg1, for the 1-methoxy-2-propanol solution is
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larger than that of the 2-propanol solution. With
increasing the hydrophilicity of the solute molecule
with a similar functional group, the association rate
constant tends to increase, as can be seen from a
comparison of the 8 values and the rate constants in
solutions of 2-propanol and 2-methyl-2-propanol.”?
However, this does not always hold, especially for
molecules which greatly differ in sizes.

Secondly, the results for 1-methoxy-2-propanol and
3-(3-methoxypropoxy)propanol are considered. The
difference between the g values for these two solutions
is about 0.04 lower, but much larger when it is
compared with that between 2-propanol and 1-
methoxy-2-propanol solutions (it is about  0.02
increase). These differences show that the introduc-
tion of the propoxyl group allows the hydrogen-
bonded water molecule to increase: that is, the
propoxyl group is estimated as acting as a water
structure promoter.

We have been speculating that the ethoxyl group
acts as a slight water structure promoter due to the
small differences in the B parameters in aqueous
solutions of three alcohols with different numbers of
oxyethylene group.? It may therefore be concluded
from the magnitudes of the B parameters that the
methoxyl group acts as a water structure breaker, the
ethoxyl group acts very slightly as the promoter and
the propoxyl group acts as a strong structure
promoter.

It should be noticed that two relaxational absorp-
tions are observed in the aqueous solution of 1-
propanol. One of them is due to a perturbation of the
equilibrium, as in Eq. 2. The other may be associated
with a molecular aggregation reaction due to a
hydrophobic interaction.® This experimental evi-
dence might indicate that 1-propanol acted as a better
water structure promoters than did 1-methoxy-2-
propanol, 3-(3-methoxypropoxy)propanol and 2-pro-
panol. Actually, the 8 parameter for 1-methoxy-2-
propanol and 2-propanol is larger than that for
1-propanol, which is consistent with the above
prediction. However, the 8 value for 3-(3-methoxy-
propoxy)propanol is smaller than that for 1-propanol,
and in the former solution, only a single relaxational
process associated with the alcohol water interaction
was observed. This situation might be because the
ether oxygens in 3-(3-methoxypropoxy)propanol pre-
vent the formation of an aggregate due to a hydro-
phobic interaction by their electrical repulsion.
However, the ability as a water structure former of
3-(3-methoxypropoxy)propanol is still higher than
that of l-propanol, since the B value indicates the
characteristic of water as a whole in aqueous media.

These conclusions led us to speculate concerning
the appearance of an ultrasonic relaxational absorp-
tion in aqueous solutions of familiar alcohols. In the
frequency range below 200 MHz, no excess absorption
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has been found in a methanol aqueous solution, even
at 0°C.16:17 In an ethanol aqueous solution, the
relaxation process with a relaxation frequency around
100 MHz has been reported below room temperature.19
On the other hand, a clear relaxation process is
observed in the range around 50 MHz for aqueous
solutions of propanol.3:5:® From speculation con-
cerning the present study, the relaxation process in the
aqueous solution of methanol would be expected at a
very high frequency range since the methanol breaks
the water structure, a lot of non-hydroen-bonded water
molecules exist and the value of the rate constant for
the interaction may be high. In an ethanol solution,
the rate associated with the interaction process may
decrease compared with that for methanol, and the
water structure 1s still remained, or slightly promoted.
The relaxation process may thus appear in a lower
frequency range than that in a methanol solution. For
propanol solutions, the solute creates the water
structure and the rate decreases further. Then, the
ultrasonic relaxational process appears in the MHz
frequency range. This kind of correlation between the
hydrophobicity of the solutes and the water structure
has been speculated in static studies.!-20 The present
investiation has supported such consideration dyna-
mically. Zana et al. have recently reported that in the
MHz:z frequency range, there are three relaxation
processes in aqueous solutions of alcohol when the
solute consists of a relatively large hydrophobic group
(1-butanol).2?  We consider that the present excess
absorption in this study is one of them and that the
aggregation process for 1-methoxy-2-propanol and 3-
(3-methoxypropoxy)propanol may not be found, due
to the smaller hydrophobicity of the molecules and the
existence of the ether oxygen.

Finally, it should be stated why we do not apply the
fluctuation model in order to interpret the ultrasonic
absorption mechanisms in aqueous solutions of
alcohols. According to the proposed theories, the a/f?
values would increase with decreasing frequency.
However, the present results indicate that an almost
frequency-independent region is observed at less than
10 MHz, as can be seen in Fig. 2. In order to use the
fluctuation model, it seems to be necessary to measure
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the absorption coefficients over very wide frequency
range (more than 3 orders), especially in the range less
than 5 MHz. However, the absolute values of the
absorption coefficients may not be precisely determined
in a such low-frequency region.
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Kinetic Studies on the Reactions of Electrogenerated 9,10-Diphenyl-
anthracene Cation Radical with Water and Alcohols by Means
of Column-Electrolytic Stopped-Flow Method

Munetaka Ovama, Koichi Nozaki, Tsutomu Nacaoka,t and Satoshi Okazakr*
Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606
(Received May 25, 1989)

The reactions of 9,10-diphenylanthracene cation radical (DPA*") with water and alcohols in acetonitrile
(AN) were studied using a novel column-electrolytic stopped-flow spectrophotometric method. The reaction
was first-order with respect to DPA* " in all reactions. The reaction orders of other reactants were determined by
plotting the logarithms of the apparent first-order rate constants (kapp's) against the logarithms of the
concentration of reactants. The plot of log k. vs. log [alcohols] was linear, and hence the reaction was clearly

determined to be second-order.

On the other hand, the log k. vs. log [water] plot did not show a linear

relationship. Similar results were obtained in the reactions of 9,10-dimethylanthracene cation radical with
water and methanol. Comparing the results obtained with water and alcohols, and considering the changes in
the physicochemical properties of the AN-water medium, it was concluded that the reaction of water was
second-order, though it had been believed previously to be first-order. Products of the reactions are trans- and
cis-9,10-dialkoxy-9,10-diphenyl-9,10-dihydroanthracene in many cases.

During the last two decades, much attention has
been devoted to the reactions of electrogenerated
organic cation radicals. Complicated mechanisms and
kinetics of reactive intermediates in the anodic
oxidation processes of organic compounds have
gradually become apparent.1-?

In these studies, most workers used electrochemical
methods such as chronoamperometry, cyclic and
linear sweep voltammetry, the rotating disk electrode
method, and/or electrospectrochemical methods with
an optically transparent electrode.® However, it is not
easy to analyze unknown reactions of cation radicals
by those methods. The difficulties in the kinetic
studies generally result from the characteristics of the
electrode process as follows: (1) Heterogeneous
reactions occur in the vicinity of the electrode surface.
(2) Successive reactions in the diffusion layer involve
some EC processes.

If the objective cation radical is stable enough to
permit being transferred from the electrolytic cell to
the optical cell, its reactions with nucleophiles can be
analyzed as homogeneous ones, separately from any
influences of electrode conditions such as electrode
potentials and adsorption etc.? Evans and Blount
applied the stopped-flow technique to the analyses of
the reactions of 9,10-diphenylanthracene (DPA) cation
radical (DPA*") with various nucleophiles in aceto-
nitrile (AN).5-® In their experiment, the electrolyzed
solution containing DPA*" was delivered via a closed
system to a reservoir in the stopped-flow apparatus.
Therefore, unstable electrogenerated species, whose
life-times were less than ten seconds, were difficult
to examine.

For the purpose of investigating the reactions of less
stable electrogenerated species (ca. <ls), we have

t Present address: Department of Applied Chemistry,
Faculty of Engineering, Yamaguchi University, Tokiwadai
25717, Ube 755.

developed a column-electrolytic stopped-flow spectro-
photometric method, in which a column-electrolytic
flow cell was set up between a reservoir and a jet mixer
in a stopped-flow spectrophotometer. In the present
work, for the evaluation of a novel method, the
reactions of DPA*" with water and alcohols (ROH)
have been analyzed.

The reaction of DPA*" with water has been studied
using several techniques; the spectroscopic method,?
by means of an optically transparent thin layer
electrode™® and the stopped-flow method.® In the
present work, we have studied the reactions of DPA*"
not only with water but also with alcohols concurrently,
in order to compare these reactions. In addition, the
reactions of the 9,10-dimethylanthracene (DMA) cation
radical (DMA™*") have been investigated.

Experimental

Apparatus. Figure 1 shows the schematic diagram of the
column-electrolytic stopped-flow spectrophotometer. The
solution containing parent molecules and supporting
electrolytes is stored in one reservoir and the reactant
solution containing the nucleophile is stored in the other
side. After the cation radicals are generated in the elec-
trolytic cell, the electro-oxidized solution is rapidly mixed
with the reactant solution by pressurizing with nitrogen
gas (5 kg cm~2).

For slow reactions as those in the present work, in which
the half-life was longer than 0.5s, only one line assembly
was used in order to avoid the temperature change caused by
mixing of the solvents. In this mode, the sample solution
containing both parent molecules and the nucleophile was
stored in one reservoir. Immediately after electro-oxidizing
the solution, the cation radical generated was sent directly to
an optical flow cell.

Figure 2 shows the cross-sectional view of the flow
electrolytic cell. Carbon wool (CW) packed tightly inside a
microporous glass diaphragm tube (PGT; i.d. 8 mm, 1
40 mm) acts as the working electrode. The carbon wool was
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Fig. 1. Schematic diagram of the column-electrolytic
stopped-flow spectrophotometer. R, reservoir. DP,
deoxygenating pipe. EC, electrolytic cell. M, mixer.
FC, flow cell. L, light beam. D, photo-detector. CV,
control valve.

Fig. 2. Cross-sectional view of the column-electrolyt-
ic cell. WE, platinum lead wire to working electrode.
CE, platinum lead wire to counter electrode. RE,
reference electrode. OR, O-ring. PC, platinum coil
counter electrode. PGT, porous glass tube. CW, car-
bon wool working electrode. Si, Sz, sample solution.
S., counter solution.

in contact electrically with a platinum lead wire (WE).
Owing to the large surface area of the carbon wool against
the sample volume, large amounts of cation radicals can be
easily generated for a short time. Hence, in this study, cation
radicals were generated with controlled potential pulse
electrolysis for 1s. Electrolytic efficiencies are described in
the following section. The pulse electrolysis was carried out
with a PAR Model 173 Potentiostat. The electrolysis
currents were ca. 10—50 mA and the solution resistance was
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compensated using a PAR Model 179 Module.

Time changes in absorbance at a fixed wavelength were
measured by a photomultiplier (PM). The time decay
profile was acquired as a set of 500 digital data points.
Procedures such as pulse electrolysis, flow control of the
solution and data acquisition were performed by a micro-
computer, DEC LSI-11/23. The operation of stopped-flow
and the optical observation were carried out by the Union
Giken RA 702 stopped-flow spectrophotometer.

All measurements were carried out at 2530.5 °C using a
thermostat, Coolnics Model CTR-120.

Reagents. 9,10-Diphenylanthracene (Nacalai Tesque, GR
grade) was purified on a silica-gel column with benzene as
eluent and was then recrystallized twice from AN-chloroform.
9,10-Dimethylanthracene (Tokyo Kasei, GR grade) was
recrystallized twice from methanol. Acetonitrile (Wako, GR
grade) was distilled twice over P2Os. Tetraethylammonium
perchlorate (TEAP) was prepared by adding tetraethyl-
ammonium bromide to a solution of sodium perchlorate,
and was recrystallized four times from water. It was dried
over P20s in vacuo at 80 °C one night before use. Water was
purified by a Milli-Q system. Alcohols (Wako, GR grade)
were used without further purification.

Kinetic Analysis—Reaction Order Analysis. In kinetic
analysis of complex reactions, it is significant to determine
the reaction order of each species. The reaction order is
generally a constant value, but sometimes it varies with
concentration.? Hence, it is effective first to determine the
reaction order from differential equations.

In the reaction of DPA*" with ROH, the differential rate is
presumed to be expressed as follows:

—d[DPA*"/dt = k([DPA* P[DPAF[ROH][H*} (1)

where p, g, r, and s denote the reaction orders of each species,
DPA*", DPA, ROH, H*, respectively. Equation 1 was then
written in its logarithmic form.

log(—d[DPA* ]/dt) = log k + plog[DPA*"] + glog[DPA]
+ rlog[ROH] + slog[H*] (2)

According to Eq. 2, the reaction order of DPA*" can be
determined from the slope of the plot of log (—d[DPA™* " }/d¢)
vs. log [DPA*" ] under the conditions that the concentrations
of the other species are kept constant.

Once the reaction order of DPA*" is determined, Eq. 1 is
expressed as below using the apparent rate constant, Rapp,

—d[DPA*"1/dt = kap;[DPAT"} 3)
where
kapp = R[DPAJ[ROHT[H*}. 4)

In its logarithmic form,
log kapp = log k + qlog[DPA] + rlog[ROH] + slog[H+].
(3)

According to Eq. 5, the reaction order of each species can be
obtained by plottint log kapp vs. logarithmic concentration of
each species.

Product Analysis. Product analysis was carried out using
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batchwise constant potential electrolysis for the reactions
with water, methanol, ethanol, 1-propanol, and 1-butanol.
The AN solution of 100 ml containing 1 mM (1 M=1 mol
dm—3) DPA and 0.1 M TEAP was brought into the anodic
chamber of an H-type electrolytic cell and then 1 M water or
alcohol was added to the solution. The solution was electro-
oxidized using a platinum mesh working electrode at the
constant potential of +0.95V vs. Ag/Ag+* in AN until the
electrolysis current decreased almost to zero. The solution
was evaporated to ca. 10ml. It was poured into water
(100 ml) and extracted with benzene. The benzene extract
was evaporated and the residue was separated on a silica-gel
column with benzene as eluent. The products were
identified by melting point measurements, NMR and MS.

Results

1. Electrolytic Efficiencies. a) Reduction of Fer-
ricyanide in an Aqueous Solution Containig 0.5 M
KCl: The electrolytic cell in this system was designed
to utilize the capability of column-electrolysis, which
allows quantitative oxidation or reduction of substances
in a short period of time.

Figure 3 shows the plot of the concentration of
ferricyanide (Fe(CN)g3—), which was determined from
the absorbance at 436 nm (gpecnye-=743), after an
electrolysis of 1.0 mM Fe(CN)e3— at various potentials
for 1s. The Fe(CN)g*- solution could be electrolyzed
quantitatively to ferrocyanide (Fe(CN)e*~) even in such
a short time. In addition, the plot of the natural
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Fig. 3. Electrolytic efficiency in the reduction of

1.0X10-3 M Fe(CN)g*~ in aqueous solution contain-
ing 0.5 M KCl. Theelectrolyzed solution was rapidly
delivered into the optical flow cell after the pulse
electrolysis for 1s. Potential is versus Ag/AgCl.
Initial potential: 0.6 V. (O) Potential vs. concentra-
tion of Fe(CN)e3~ plot. The absorbance at 436 nm
was measured and transferred to the concentrtion.
(@) Nernst's plot (potential vs. In[Fe(CN)e-]/
[Fe(CN)e*]).
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logarithms of [Fe(CN)e?—]/[Fe(CN)s*~] against the
applied potentials showed a good relationship as
expected from the Nernst’s equation,

RT . [Fe(CN)®]

E=E°+ - IHW. 6)

The number of electrons involved in this electrode
process was determined to be 1.0 from the slope of the
plot, which also confirms that quantitative electrolysis
could be achieved within 1s in a low resistance
medium.

b) Oxidation of DPA in an AN Solution Containing
0.1 M TEAP: Secondary, the electrolysis efficiency in
the present system, namely the oxidation of DPA in
AN containing 0.1 M TEAP, was examined. Figure 4
shows the dependence of the absorbance of DPA*" on
the applied potential in this electrolytic method, with
the cyclic voltammogram of DPA. The half-wave
potential (Ey2) in the cyclic voltammogram was
0.83 V, and the potential at half absorbance value was
0.85 V. Hence, the solution was electrolyzed properly
under the controlled potential. As shown in this
figure, the concentration of cation radicals can be
controlled by changing the applied potential, which is
one of the advantages of the present method. The
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Fig. 4. Electrolytic efficiency in the oxidation of
5.0X10~¢* M DPA in AN containing 0.1 M TEAP. (a)
Dependence of the absorbance of DPA*" at 653 nm
on the applied potential. The electrolyzed solution
was rapidly delivered into the optical flow-cell after
the pulse-electrolysis for 1s. Potential is versus
Ag/Ag+. Initial potential: 0.5 V. Light path: 2 mm.
(b) Cyclic voltammogram of DPA measured at the
scan rate of 0.1 Vs—! with Pt disk electrode (d. 0.5
mm). Potential is versus Ag/Ag*.
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Fig. 5. Outline of data processing procedure. —A[DPA]""/At and
[DPA*] at each time were calculated as shown in the left figure.
Regarding —A[DPA]*/At as —d[DPAJ""/dt, the reaction order of
DPA*" was determined by the slope of the plot, log (—d[DPAJ*/dt)
vs. log [DPA*"], in the right figure.
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Fig. 6. Dependence of —d[DPA*'}/dt on [DPA™] in
the reaction of DPA™" with water. Cppa 5X10~¢ M,
TEAP 0.1 M, Hz0 0.35 M (O), 1.0 M(A), 5.0 M(0) in
AN. In this figure, v represents —d[DPA*"]/dt.

maximum concentration was calculated to be ca.
4.6X10—M using the molar excitation coefficient
value reported by Grant et al.” (¢=8.75X10% at 653 nm),
and therefore it was found that the solution containing
ca. 90% DPA*" can be delivered to the optical cell in
this method.

2. Reactions of DPA*" with Water and Methanol.
a) Reaction Orders of DPA*" and DPA: Since the
time decay curve of absorbance was acquired as 500
data points, —d[DPA*"]/dt was calculated using the
linear approximation for every 20 data points as
illustrated in Fig. 5a. Then, by displacing the data
position, log(—d[DPA*"]/dt) was plotted against

log[DPA* "] (Fig. 5b).

Figure 6 shows the relationships between log-
(—d[DPA*"]/dt) and log[DPA*"] in the reaction with
water. The slopes of their plots for three different
water concentrations ranged from 0.94 to0 0.97. In the
reaction with methanol shown in Fig. 7, the slopes
were 0.91 and 0.95 for 1.0M and 5.0 M methanol,
respectively. The slopes of these plots for the other
conditions were almost unity for both reactions.
Accordingly it can be presumed that the reaction order
of DPA*" is unity (i.e. p=1 in Eq. 2) in both reactions.

However, the apparent reaction order of DPA*" may
be affected by the concentration of DPA.**

We therefore measured the time decay curves of

*¥ In a strict treatment, the reaction order of DPA*" can
not be exactly determined by log(—d[DPA*"]/dt) vs. log
[DPA*"] plot because of the low solubility of DPA in AN;
the concentration of DPA was not high enough in
comparison with the amount of DPA regenerated during the
reaction.

Defining the concentration of dissolved DPA in the
solution as Cpea, the concentration of electrogenerated
DPA™" at t=0 as [DPA* " ]o, and that of DPA at that time as
[DPAJo, Copa=[DPAJo+H[DPA* " }o. Based on the stoichiometry,
2DPA* +2ROH——DPA(OR):+DPA+2H*, [DPA]=
[DPAJo+([DPA*" [o—[DPA*"])/2. Hence, the following
equation is obtained.

[DPA] = Cpea — ([DPA*" JoHDPA*"])/2

Therefore, Eq. 2 must be rewritten as Eq. 2/, under the
conditions that the concentrations of other species and
[DPA™] are kept constant.

log(—d[DPA*"/dt) = log & + plog[DPA*"]
+ glog(Cppa — [DPAT"]/2 — const) + const  (2')

This equation indicates that if g is not equal to zero, it is not
easy to determine the reaction orders.
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DPA*" when 5X10-5, 1X10-¢, 2X10-4, and 5X10-*M 2 -10r * /20
DPA were dissolved, under the conditions that the — N )
concentrations of the other species and the initial 3 °
concentration of DPA*" were kept constant. The - H
results showed that the concentration of DPA had no .
influence on the reaction rates. Thus, it is concluded -201 10
that DPA is independent of the rate laws of both 'O' 6 1'0
=1 X

reactions, while DPA*" has the first-order dependence
on them (i.e., p=1 and ¢=0 in Eq. 2).

Since the reaction order of DPA*" was unity in all of
the reactions examined, the other reaction orders could
be obtained readily with the apparent first-order rate
constant, Rapp.

—d[DPA*"]/dt = kapp[DPAY"] (3"

Thus, based on Eq. 5, the reaction order of each species
was obtained by plotting log kapp vs. the logarithmic
concentration of each species. The ka,p value under
particular conditions was determined from four runs.
The kapp was calculated from absorbance vs. time curve
using the phase-plane method.1®

b) Reaction Order of H+: The concentration of
H+ was varied from 10-5M to 10-2 M for the reaction
with water, and from 10—M to 10-2 M for the reaction
with methanol by adding perchloric acid (70%
aqueous solution) to the solution.!? The concentra-
tion of water was corrected by subtracting the water
contents in aqueous perchloric acid solution. In the
reaction with methanol, however, a small amount of
water (max. ca. 20 mM) coexisted.’® The plot of
log kapp vs. log[H*] in Fig. 8 shows that the rate law is
independent of the concentration of H+.

c¢) Reaction Orders of Water and Methanol:
9 shows the plots of log kayp vs. log[ROH].

Figure
In the

log ((ROH)/M)

Fig. 9. Dependence of k.p on [ROH]in the reactions
of DPA™" with water (@) and methanol (O). Coea
5X10-¢M, TEAP 0.1M, H:0 0.12—15M or
methanol 0.5—10 M in AN.

reaction with methanol, a linear relationship was
found in the concentration range from 0.5 M to 10 M;
its slope was calculated to be 1.80 by the least squares
method. Thus, the reaction order of methanol was
determined to be second-order. With respect to the
reaction with water, however, the reaction order varied
with the water concentration (Fig. 9). The slope was
1.06 at water concentrations lower than 1 M, whereas
it was 1.52 in the range from 1 M to 4 M and became
zero over 5 M.

3. Reaction of DPA*" with Other Alcohols. The
reactions of DPA*" with ethanol, 1-propanol, 2-
propanol, 1-butanol, and 1-pentanol were also analyzed
by this method. In all cases, the reaction order of
DPA*" was unity. Furthermore, like the reaction of
DPA** with methanol, log k. vs. loglROH] plots
exhibited a linear relationship. The slopes are
summarized in Table 1 together with the kap’'s with
2 M of ROH. It was proved that the reaction order of
ROH was second in all cases, although the slopes
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Table 1. Kinetic Data in the Reactions of DPA** with Alcohols
Alcohol Concentration range/M Number of data points Slope kapp/s~1 at 2.0 M
Methanol 0.5—10 10 1.80 0.265
(0.999)
Ethanol 0.5—10 10 1.81 0.159
(0.999)
1-Propanol 1.0—7.0 7 1.84 0.13,
(0.998)
2-Propanol 2.0—7.0 5 1.68 0.019,
(0.998)
1-Butanol 1.0—7.0 6 2.11 0.17s
(0.999)
1-Pentanol 1.0—5.0 5 1.71 0.24¢
(0.992)
Parentheses indicate the correlation coefficients. a) Average value of four runs.
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Fig. 10. Dependence of k., on [H20] in the reactions
of DPA* and DMA*™" with water. Cppa Or Cpma
5X10-¢M, TEAP 0.1 M, water 0.15—15M (for
DPA*") in AN.

slightly deviated from two.

On the reaction rates, there were no notable
differences among alcohols, except 2-propanol. The
reaction rate with 2-propanol was lower than those
with the other alcohols examined. This is probably
due to a steric effect.

4. Reactions of DMA*". The kinetic study on the
reaction of DMA*" was also carried out. Figure 10
shows the plot of log kapp vs. log[H20] superimposed
on the results of DPA*". It is of interest that the
reaction order plot exhibits a non-linear dependence
similar to that of DPA*". Furthermore, second-order
dependence was observed in the reaction with methanol,
as shown in Fig. 11.

5. Products in the Reactions of DPA*" with
ROH. From the NMR analysis, it was found that
both trans- and c¢is-9,10-dialkoxy-9,10-diphenyl-9,10-

log ([MeOH)/M)

Fig. 11. Dependence of kapp on [MeOH] in the reac-
tions of DPA*™ and DMA™ with methanol. Cppa oOr
Cpma 5X10-¢ M, TEAP 0.1 M, methanol 0.7—5M
(for DPA™") in AN.

dihydroanthracene, DPA(OR)z (1, 2), were produced in
three cases (R; H, CHs, CsHg). In the case of water,
trans and cis forms were separated using column
chromatography with benzene as eluent. The melting
points were 261 °C (263 °C in Ref. 13) for the trans
form (1a) and 188°C (195°C in Ref. 13) for cis one
(2a). In this case, some minor by-products were found

RO Ph RO Ph a R:H
5 3 b CHs
@‘@ c Cz2Hs
5 Y d CsHy
RO Ph Ph OR e CsHs
la—e 2a—e
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by TLC. However, their amounts were so small that
the species could not be identified.

In the reaction with water, ethanol and 1-propanol,
trans and cis forms (1, 2) were confirmed by NMR. It
was found that the ratio of both forms were nearly 1:1.
In the case of methanol and 1-butanol, however, the
products were not dissolved completely in CDCls.
Thus, it seems that only one form was detected by
NMR. Thus the final products in the reactions with
alcohols were also inferred to be trans- and cis-
DPA(OR)a.

Results of tH NMR (CDCls and CD3CN!9) and MS
measurements of the products were as follows:

(a) 9,10-Dihydroxy-9,10-dihydro-9,10-diphenylan-
thracene; 6=2.8, 3.3 (2H, s, OH), 7.0 (10H, m), 7.3 (4H,
m), 7.6 (4H, m); m/z(rel intensity) 364(M+; 0.7), 347(100),
330(19), 287(6), 271(19).

(b) 9,10-Dimethoxy-9,10-dihydro-9,10-diphenylan-
thracene; 6=3.2 (6H, s, OCHs), 7.3—7.4 (10H, m), 7.4—
7.5 (4H, m), 7.5—7.6 (4H, m); m/z (rel intensity) 392
(M+; 0.5), 361(97), 330(100), 284(49).

(c) 9,10-Diethoxy-9,10-dihydro-9,10-diphenylanthra-
cene; 6=1.1, 1.2 (6H, t, J=6 Hz,CHsCH20), 3.0, 3.3
(4H, q, J=6 Hz, CH3CHz0), 7.2—7.6 (18H, m).

(d) 9,10-Dipropoxy-9,10-dihydro-9,10-diphenylan-
thracene; 6=0.9 (6H, t, J=10 Hz, CHsCH2CH20), 1.5—
1.7 (4H, m, CH3CH2CH:0O), 2.9, 3.3 (4H, t, J=9 Hz,
CH3CH2:CH:0), 7.2—7.6 (18H, m).

(e) 9,10-Dibutoxy-9,10-dihydro-9,10-diphenylanthra-
cene; 6=0.9 (6H, t, J=10 Hz, CHsCH,CH2CHz0), 1.5—
1.7 (8H, m, CH3CH:CH2CH:0), 3.2 (4H, t, J=8 Hz,
CH3;CH:CH:CH:0), 7.5—7.6 (18H, m).

Discussion

Reaction Mechanisms. It was clearly concluded,
from the results, that the reactions of DPA*" with
alcohols are first-order in DPA*" and second-order in
alcohols. That is, the rate law can be expressed by Eq.
7.

—d[DPA*"}/dt = k[DPA* ] [ROHJ] (7

This rate law can be explained if the first step (Eq. 8)
in Scheme 1 is in equilibrium and the proton
abstraction by another alcohol molecule (Eq. 9) is the
rate determining step (rds). The k is represented as
2K1ks using the steady state approximation on
DPA(OR)" and DPA(OR)*.

K
DPA*" + ROH —— DPA(ROH)*' 8)
ko
DPA(ROH)*" + ROH — > DPA(OR) + ROHy* (9)
rds

DPA(OR)" + DPA*" —— DPA(OR)* + DPA (10)

DPA(OR)* + 2ROH — DPA(OR)2: + ROHz* (11)

Scheme 1.
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On the other hand, in the case of the reaction of
DPA*" with water, our results emphasized the
complex characteristics of the reaction; the reaction
order of water varied depending on its concentration.

In the previous works, the reaction order of water
was estimated to be first from the limited experimental
range of the water concentration from 5X10-3 M to
1.50 M,® or from 25M to 4M.® The proposed
mechanism was as follows:98

ki
DPA*" + H:O — DPA(H:0)" (12)
rds

DPA(H:0)t" + H:O —— DPA(OH) + HsO* (13)

DPA(OH) + DPA"™" —— DPA(OH)* + DPA (14)

DPA(OH)* + 2H:0 —— DPA(OH); + H:O*  (15)

Scheme 2.

where the first step is the rate determining step and the
second is in equilibrium.

This discrepancy does not result from a fault in our
method. That is because apparent deviations from a
straight line can also be seen in the plot of &up vs.
water concentration in the previous works,*? though
it was not commented on. In addition, the k., values
over the above water concentration range are almost
equal to those reported.

In order to explain the extraordinary relationship
obtained only in water, the difference in the state of
water and alcohols in AN must be considered. The
fact that the reaction rate is independent of the sort of
cation radicals (Figs. 10 and 11) also suggest the
contribution of a medium effect.

The hydrogen-bond formation between AN and
water or alcohols is well characterized by IR. On
alcohols, the solute-nitrile interactions are stronger
than the solute-solute interactions, so that methanol
retains in the monomer state at concentrations up to
4 M.19 By contrast, water exists in the form of 1:1 and
1:2 AN-water complexes depending on the concentra-
tion,'® because the interactions between water mol-
ecules in AN are fairly large. Previous studies on the
AN-water mixture by conductivity measurements!?18
and NMR1? also indicate that a high concentration
water over 1 M tends to form higher-ordered structures
(i.e., dimer and trimer forms). The nucleophilicity of
the polymerized water molecule is probably less than
that of the monomer because the reaction site is
occupied by the hydrogen bonding. Consequently, the
structural complexity in the AN-water mixed medium
seems to bring about the extraordinary dependence of
log kapp on log [H20].20

It is, however, difficult to evaluate the state of water
in AN quantitatively at each concentration in Fig. 9.
Hence, we attempted to correct the reactivities of water
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by adopting the activity coefficient. In general, the
activity coefficient of the solute in a mixed solvent can
be calculated from the vapor pressure, so that the
activity coefficient of water in an AN-water mixture (f)
at each concentration was estimated from the vapor
pressure curve reported previously,2? on the basis that
f=1 for pure water. With f, Eq. 4 is rewritten by Eq. 16
taking into consideration the above results of g=s=0,

kapp =.k(f[H20]y (16)
and its logarithmic form,
log kapp = log k + rlog(f[H201). (17)

Figure 12 shows the plot of log kapp vs. log(fIH=20]). It
should be noted that the reaction order of water
became approximately second, while it was curved
upwards at the lower water concentration range.

In the kinetic measurement at the water concentra-
tions, it is necessary to take into account side reactions,
which were also suggested from the results of product
analysis by TLC though the products could not be
specified. For example, nearly 10% DPA*" decayed for
60s in AN to which no water was added, in
comparison the half-life of DPA*" is 65s in 0.5 M
H20. With decreasing water concentration, side
reactions will become significant, and the kapp’s
obtained in the low water concentration range contain
some positive errors. This seems to be the reason why
the corrected plots were curved upwards at the lower
concentration range.

From the above discussion and compared with the
results obtained in alcohols, the mechanism of the
reaction of DPA*" with water is substantially the same
as that with alcohols (Scheme 1) and its rate law
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Fig. 12. Activity correction for log (kapp/s™1) vs.
log ([H20]/M) plot in the reaction of DPA*™" with
water.
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should be expressed by Eq. 7.

Reaction Products. Our results on the reaction
products are also in conflict with the previous report.
Sioda reported that the final product in the reaction
of DPA*" with water was trans-DPA(OH)2.9 In the
present study, however, cis-DPA(OH); was also found
to be produced.

Considering the reaction mechanism, DPA(OH)*
is produced as an intermediate and reacts rapidly with
water. Then, it seems reasonable to assume that both
forms are produced at the same time.

Comparison with the Reactions of Other Cation
Radicals. The reactions of other cation radicals with
water have been extensively investigated, although no
kinetic studies with alcohols have been reported.

In the reaction of the thianthrene cation radical
(TH*") with water, many investigations were made
and a complex mechanism has been revealed.22) In this
case as well, the first stage of the reaction, namely, the
encounter of TH** with water, was found to be in
equilibrium, though the subsequent processes were
more complex than those of DPA*". Furthermore, a
similar mechanism was also proposed on the reaction
of 10-phenylphenothiazine (PPTZ) dication (PPTZ2+)
with water.2 The results showed that the rate was
expressed as Eq. 18.

—d[PPTZ2]/dt = k[PPTZ#][H:O (18)

The first step, the encounter of PPTZ2+ with water,
is in equilibrium and the second step, in which a
proton is abstracted by another water molecule, is rate
determining.

Comparing these reactions, it appeared to be
reasonable that Eq. 12 is in equilibrium in the reaction
mechanism of DPA*" with water.

Conclusion

Though the reaction of DPA* " with water had been
thought to be first-order in both DPA*" and water, it
has been established in this study that the reaction
scheme is expressed by Eqs. 8—11, which is the same
mechanism as that for alcohols. It is important to pay
particular attention to the changes in the physico-
chemical properties of the medium, especially in the
reaction with water. Our results indicate that the
reaction of cation radicals with methanol can be
regarded as a model reaction for that with water.

In the present study, the reaction order of the cation
radical was unity over a wide concentration range and
under all experimental conditions. The column-
electrolytic stopped-flow method will be useful for the
analyses of more complex reactions of electrogenerated
intermediates.  Furthermore, this method can be
applied to the analyses of unstable electrogenerated
ion radicals with half-lives as short as 100 ms. These
studies are under way and will be published elsewhere.
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7O NMR spectra have been measured for series of cobalt carbonyl cluster derivatives, RCCoa(CO)g—x-
(PPhs),, (RC2R’)C03-x~y FexMo,(CO)9~-,Cp,, and R3—Sn[Co(CO)4)x+1. The small 7O-chemical shift differences
due to the change of R and/or introduction of PPhs have been interpreted in terms of the electron buffer action

of the Cos core for RCCo3(CO)9—x(PPhg3),.

Good linear correlations between 7O-chemical shifts and CO

stretching frequencies have been observed for these derivatives. Some effect of the magnetic anisotropy resulted
from the ring current along the metal-triangle on 7O-chemical shifts has been suggested for metal-triangle

clusters.

Proliferate studies on the metal carbonyl cluster
derivatives has been made during past two decades for
both syntheses2:® and theories on the shapes and/or
electron count rules of metal cluster cores.2:4.9
Although X-ray crystal structure analysis technique
has played a crucial role for elucidating structures and
bondings of these cluster compounds, NMR (*H and
13C) and IR (v (CO) and v (M-M) regions) spectros-
copies have been appreciated as only a complementary
means for structure analysis. Thus 170 NMR spectros-
copy has scarecely been employed as a structural
probe.®:? This facet is surprising for us, because recent
70 NMR studies on mixed metal carbonyl cluster
compounds demonstrated that 170 NMR spectrum is
easily available for even naturally abundant level
(0.037%) of the 170 nucleus? and are obtained for CO
groups which are coordinated to a metal atom with a
large nuclear quadrupole moment without significant
line-broadening of peaks as in the case of 3C NMR.
Another characteristic for 17O NMR spectroscopy 1is
that the !7O-chemical shift of terminal carbonyls

depends mainly on the metal atom to which the
carbonyls of interest are coordinated? and the magni-
tude of the chemical shift of O NMR is more
prominent than that of 3C NMR® for same CO groups;
the latter feature indicates that 7O NMR spectroscopy
is more perceptive to the change of the electron
distribution around the CO groups of interest. These
lines of findings have prompted us to examine
70 NMR data as an effective structural and bonding
probe for higher nuclearity clusters which at least
contain three metal carbonyl units. In this paper, we
report the substituent effect on the 70O NMR chemical
shift for following trinuclear metal carbonyl clusters,
RCCo3(CO)9—(PPhs), and (RC2R’)Cos—s—,Fe.Mo,(CO)g—,-
Cp, (x=0 or 1; y=0 or 1).

Experimental

Literature methods have been employed to obtain all the
following samples: RCCo3(CO)s (R=Me (la), Ph (1b), Cl
(1c), and H (1d)),%® RCCo3(CO)sPPhs (R=Me (2a), Ph
(2b), and Cl1 (2c)),1» (HPhCsz)Cos(CO)s (3),12 (Ph2Cz)CosFe-

Table 1. Spectral Data
Compound 17Q NMR chemical shift, 6/ppm? »(CO)/cm™!
RCCo3(CO)s
R=Me (la) 368.3 2104, 2051, 2038, 2018%
R=Ph (1b) 368.9 2104, 2055, 2039, 20219
R=ClI (1¢) 370.4 2111, 2064, 2046, 20309
R=H (1d) 371.4 2109, 2058, 2041, 20239
RCCOa(CO)sPPha
R=Me (2a) 367.5 2077, 2072, 2033, 2020, 2011, 1992, 1988, 19682
R=Ph (2b) 366.4 2077, 2035, 2025, 2012, 1995, 1989, 19682
R=ClI (2¢) 366.2 2083, 2041, 2029, 2020, 1998, 1979
(HCCPh)Coz(CO)s (3) 364.3 2098, 2072, 2060, 2045, 2032, 2030, 2018, 19869
(PhCCPh)Co2Fe(CO)9 (4) 362.8 2095, 2057, 2030, 20129

(HPhC2)CozFe(CO)s (5)
(HPhC2)CoFeMo(CO)sCp (6)

368.3 (Fe), 374.1 (Co)

MesSn-Co(CO)s (7) 352,49
MesSn[Co(CO)4]2 (8a) 359.79
Ph2Sn[Co(CO)4]; (8b) 357.49
Cl15Sn[Co(Co)4]2 (8¢) 362.9
MeSn[Co(CO)a]s (9) 357.00

371.3 (Co, Fe), 398.8 (Mo)

2104, 2060, 2050, 2042, 2025, 1982, 19779
2074, 2032, 2028, 2020, 1990, 1985, 1966, 1959
1943, 18849

2082, 2020, 1988»

2095, 2078, 2031, 2024, 2013, 2002, 19929
2095, 2080, 2033, 2029, 2018, 2009, 19959
2114, 2097, 2056, 2052, 2040, 2023, 2016°
2079, 2040, 2028, 2020, 2010, 1992, 1961

a) GsHe+CsDe. b) Ref. 13. ¢) Ref. 1. d) Nujol mull. e) Ref. 11. f) Ref. 12.
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Fig. 1. "ONMR spectrum of (HPhCz)Co2Fe(CO)s
in Ce¢Het+CeDs at room temperature.

(CO)o (4),'2 (HPhC2)Co2Fe(CO)s (5),22 (HPhCz)CoFeMo-
(CO)Cp (6),'2 MesSn-Co(CO)4 (7),'9 R2Sn[Co(CO)4]2 (R=
Me (8a), Ph (8b), and Cl (8¢)),? and MeSn[Co(CO)4]s (9).19
The purity of the samples was checked by IR (v (CO)
region) and 'HNMR. Solvents were distilled from
benzophenone ketyl (benzene and THF) or calcium chloride
(CH2Clz and CHCIs) before use. 170 NMR sample solutions
were prepared by the use of the vacuum-line technique;
solvents were completely deaerated by three freeze-thaw
cycles, distilled into a 10 mm o.d. NMR tube, and the tube
was sealed off under vacuum. 170 NMR spectra were
obtained with the same procedure (90° pulse and 0.01s
acquisition time) as was described elsewhere for natural
abundant level of 170 by use of a Varian XL-200
spectrometer operated at 27.12 MHz.? Chemical shifts were
measured in parts per million with reference to H2"O
frequency. Spectral data are listed in Table 1 and Fig. 1
displays the 70O NMR spectrum of (HPhCz)Coz2Fe(CO)s (5)
as a typical example.

Spectral Results and Assignments

Before we deal with the results of O NMR
measurements, it seems appropriate to see the structures
of the compounds subjected to the present 170 NMR
study. Scheme 1 depicts the structures of these
compounds determined by X-ray analyses.12,14-18

RCCo03(CO)9 and RCCo3(CO)sPPhs. For a series of
RCCo3(CO)s compouds, there are two kinds of CO
groups, that is equatorial carbonyls and axial car-
bonyls. However 7O NMR spectra for la—1d have
shown only one peak; 3C NMR spectra also showed
only one CO peak for these compounds.l7-19
Although CO scrambling is very often responsible for
the coincidence of the two resonances,2® such CO
exchange among the equatorial and axial carbonyls
has not yet been reported for la—1d to our knowledge.
Therefore, it seems reasonable to conclude that the
axial CO and equatorial CO resonances are in
accidental coincidence for some electronic reason.
This issue is discussed later. Substitution of triphenyl-
phosphine for one equatorial carbonyl in la affords
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2al® and this makes all the remaining carbonyls
nonequivalent. As IR spectra of 2b and 2c in » (CO)
region are quite similar to that of 2a, 2b and 2c should
have same structure as that of 2a. Nevertheless, only
one 170 NMR peak is detected for 2a—2¢ at room
temperature.  For these compounds, rapid CO
scrambling should be responsible for the detection of
only one 170 NMR peak at ambient temperature, since
Matheson et al. demonstrated a rapid CO scrambling
process in solutions by measuring temperature-
dependent IR and 3C NMR spectra for MeCCos(CO)sP-
(C¢Hu11)s which has a similar solid structure to that of
2a;2? this makes all carbonyls equivalent.

(Ph2C2)Co2Fe(CO)s (4), (HPhCz)Co2Fe(CO)s (5),
and (HPhC2)CoFeMo(CO)sCp (6). According to X-
ray structure analyses,!2.16 five peaks are expected for
4, six peaks for 5, and eight peaks for 6. However, 4
displays only one peak, 5 shows two distinct resonances
at 374.1 and 368.3 ppm, and 6 shows one strong and
broad multiplet centered at 371.3 ppm, and a weak
peak at 398.8 ppm.

Temperature-dependent 13C NMR study by Milone
et al. for (Et2C2)Co2Fe(CO)s, which has the same
skeletal structure as that of 4, has demonstrated only
one peak at room temperature. This is due to the total
CO scrambling associated with the alkyne ligand
motion on the CozFe metal triangle.’® The similar
CO scrambling should have caused the coalescence of
the 170 NMR peaks at room temperature for 4. As for
5, the peak at higher field with weak intensity is
assigned to carbonyls on Fe and the peak at lower field
with strong intensity to carbonyls on Coz. Detection of
two 17O NMR peaks suggests that the alkyne group in
5 coordinates more strongly to the CozFe triangle than
in 4 and the alkyne motion on the Coz2Fe core seems to
be frozen to some extent at ambient temperature. As
for 6, the weak peak at 398.8 ppm is due to carbonyls
on the molybdenum atom? and the multiplet at
371.3 ppm is due to carbonyls on the cobalt and iron
atoms. As the noise level is so significant, 170O-enrich
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experiment is necessary to analyze the multiplet for 6.

Discussion

For 170 NMR signals of RCCo3(CO)s (la—1d), the
substitution of R from Me (1a) to H (1d) causes only
small low-field shift (ca. 3 ppm). The magnitude of
the low-field shift with the change of R group is
smaller than those of a series of RaSn[Co(CO)4]z; shift
of 5.5ppm between Cl:Sn[Co(CO)sJz2 and PhsSn-
[Co(CO)4)2.?  RCCos3(CO)sPPhs (2a—2¢) shows a
slight high-field shift compared with the corresponding
parent compounds (la—1c); the up-field shift is maximum
(4.2 ppm) for the chloro derivative and minimum
(0.8 ppm) for methyl derivative.2? Another interesting
finding is the decrease in ?O-chemical shift dfifference
between methyl and chloro derivative by introducing
PPhs on the Cos core, from 2.1 ppm for 1a and 1c to
1.4 ppm for 2a and 2c. In order to understand 7O-
chemical shift in terms of the electronic function of
CCos core, it seems appropriate to peruse previous
studies on RCCos3(CO)s derivatives such as %¥Co NQR
study by Brill et al.,2® PE(photo-electron) investiga-
tion by Granozzi et al.,2¥ and MO study by Fehlner et
al.29 NQR study suggested that significant delocaliza-
tion of electron density in the region of apical carbon
atom occurs and is responsible for transmission of
electron density between the cobalt atoms and -the R
group through a n-resonance mechanism. We have
attempted to correlate 7O-chemical shift and 5°Co
nuclear quadrupole coupling constant; good linear
correlation holds for 1b, 1¢, and 1d except 1a; deviation
of 1a from the line may be due to the use of an averaged
coupling constant which is obtained for solid sample.
The correlation indicates that z-resonance mechanism
works over the terminal oxygen atoms in CO groups.
PE investigation has substantiated such z-resonance
type mechanism to be operative for the interaction
between the Cos triangle and the apical RC group, and
also the CCos3(CO)s fragment to be a good electron
reservoir.2¥ Fehlner et al. have shown for la that
calculated Mulliken atomic charges around the oxygen
atoms of the equatorial and axial carbonyls are quite
close and also demonstrated the presence of the 3d
orbitals overlapping along the Co-Co bond in the
orbital contour diagrams.2® All of these results
support the idea that the CCos core is a good electron
reservoir and that the electronic effect caused by the
substitution of the R group or CO group by PPhs is
well buffered by an effective function of the CCos core
as an electron reservoir. Small 7O shift with the
change of the apical substituent R and/or core
substituent PPhs is thus best interpreted in terms of the
electron buffer action of the CCos core.

Then, we are tempted to investigate how the 170-
chemical shift is influenced when the RC group is
replaced with RC=RC group. For this purpose,
comparison of the chemical shift among 1a, 1b, and 5
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seems appropriate; compound 4 is not included,
because the observed 7O-shift datum is an “averaged”’
value among the carbonyls coordinated to the cobalt
and iron atoms and the shift data for carbonyls
coordinated to the cobalt atoms alone are not available
at present. As was described in the spectral assignment
section, carbonyls coordinated to the cobalt atoms in 5
resonate at lower field (ca. 5 ppm) than those in 1a and
1b and the amount of lower-field shift is larger than
the shifts among la—1d. Extended Hiickel calcula-
tions for MsLe and M3LsR (M=Co, Fe, Ru; R=CoHy,
C2Hz) by Hoffmann et al. showed that the incorpora-
tion of acyclic unsaturated ligands such as CoHg and
CeH: through their m-electron affords significant
change in the energy levels of related orbitals.2®
However, neither E. H. calculations for mixed metal
MsLs nor mixed metal MsLoR where R binds to Ms
core through o- and z-bonds has not yet been made to
our knowledge. We just point out the factors which
may induce the observed effect on 170O-chemical shift.
One factor is electronical change caused by the
incorporation of the iron atom in the metal ring
system. Another factor is the magnetic anisotropy
effect from the C=C bond and such effect may depend
on the relative orientation of the C=C bond to the
Co-Co bond.

The CO stretching frequency, v (CO), has been
employed as a conventional measure or elucidating the
change of the electron distribution around the oxygen
atoms in metal carbonyls.1-8:23 In order to clarify what
factors are operative for 170O-chemical shift, 70-
chemical shifts are plotted to CO stretching frequencies
(total symmetric mode observed at highest frequency
region for each compound)?’-29 for two series of co-
balt carbonyl derivatives, “open clusters” R;-.Sn-
[Co(CO)s]++1 and ““triangle clusters” RCCo3(CO)s-s-
(PPhs), (Fig. 2). A good linear relationship holds for
each cluster system; 7O-chemical shifts move to a
lower field with the increase of the CO stretching
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Fig. 2. Correlations between 7O NMR chemical shifts
and »(CO) frequencies. O— QO denotes plots for open
clusters, R3—,Sn[Co(CO)4]«+1 and A—A denotes
plots for triangle clusters, RCCos(CO)g—(PPhs)s.
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frequencies for each system. Interesting findings
obtained from the plots are that the slope of the line
drawn for open cluster system is steeper than that of
the triangle cluster system and the 170O-nuclei in
triangle system resonate at lower field than those in
open cluster system. As was shown in the previous
papers,23:29 the lower-field shift of O-resonance
occuring in accord with the increase of the CO
stretching frequencies for increase of the Co(CO)4 unit
and/or for introduction of the electronegative group
on the tin atom can be best interpreted in terms of the
decrease of the electron density around the oxygen
atoms of interest through o- and z-interaction between
the cobalt atom and CO groups for the series of open
clusters, ReSn[Co(CO)s]z and R;-.Sn[Co(CO)4]i+1. A
similar lower-field shift of 7O-resonances in accord
with the increase of CO stretching frequencies is
observed for the series of triangle clusters when the
electronegative group is introduced on the apical
carbon atom. It is well-known that the electron
density around the oxygen atoms increases when the
CO group is replacled by weaker m-accepting ligand
such as PPhs for RM(CO), type compounds and the
CO stretching frequencies shift to a lower energy
region.3® Thus, observed good correlation between
17Q-chemical shift and CO streching frequency for
RCCos3(CO)s-«(PPhs), is reasonablly interpreted in
terms of the electron density term, Q., in para-
magnetic shielding constant o, (Eq. 1).

=" o Taps  (Qu T ZQuw) (1)

However, the observed difference in the slopes of the
two lines and the lower-field 17O-resonances of the
triangle system may require additional factor other
than the electron density term, Q.., which also affect
the shielding constant 0. The shielding constant o is
expressed in the form of Eq. 2 and it is well-known
that the oprn term is operative for 170O-resonance.29

0= 0usa t Opara + Gom (2)

In the previous paper, we have pointed out that the
contribution from the metal-metal bond anisotropy
effect to gom should not be overlooked.2® In addition,
we believe the ring current effect should be included in
oo term for cobalt triangle clusters based on the
following reasons; first, the orbital contour map
drawn by Fehlner et al. showed the presence of the 3d
orbitals overlapping along the Co-Co triangle?®
together with m-resonance mechanism working over
the Cos triangle and the apical RC group. Second, 3
which is a kind of “‘open cluster’”’ shows a higher-field
resonance (364.3 ppm) than those for la—1d. In order
to appreciate the ring current effect on the 170-
chemical shift, it seems reasonable to see the magnetic
effect due to the ring current in the cyclopropane
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system; in the cyclopropane system, it has been
suggested that the ring current produces two regions,
magnetically shielded and deshielded regions, and the
ring protons which are located in the magnetically
shielded region resonate at higher field.31-33 In the
present cobalt cluster system, the equatorial carbonyls
are located in the deshielded region and the axial
carbonyls are located in the shielded region if similar
ring current effect is conceivable. However, rapid CO
scrambling for 2a—2c at room temperature poses
problems for evaluating the 17O-chemical shift dif-
ference among the equatorial and axial carbonyls;2
CO scrambling occurs among the carbonyls in two
structural isomers, nonbridged isomer (2a—2c in
Scheme 1) and bridged isomer (Scheme 2), which
coexist in equilibrium in solutions at room tem-
perature.  In the bridged isomer, the terminal
carbonyls shift to intermediate positions between axial
and equatorial carbonyls and/or equatorial carbonyls
and the apical carbon atom. Thus, obtained 70-
chemical shift values for 2a—2c are “‘averaged” one
among the terminal carbonyls for two isomers.
Another problem we should be aware of for inter-
preting the 7O-chemical shift data is whether the
intermediate position in the bridged-isomer is located
in the magnetically shielded region or in the magne-
tically deshielded region. Although the magnetic
shielding-deshielding cone angle of CCos ring current
system has not yet been evaluated, we presume that
terminal carbonyls of the bridged isomer is located in
the magnetically deshielded region based on the
aforementioned trends on the 17Q-chemical shifts for
triangle clusters. The trends are best interpreted in
terms of the lower-field resonance of the terminal
carbonyls of the bridged isomer. Thus “averaged 17O-
signal”’ due to CO scrambling is observed at somewhat
lower-field region than that of the “pure” 170O-signal
due to axial and equatorial carbonyls.

Matheson et al. have also shown that the 13CO
resonance is deshielded by the introduction of the
phosphine ligand.2V All of these discussions together
with the discussion on the function of the Ms core as
an electron reservoir indicate that 17O NMR shielding
is determined by the intricate balance between the
local paramagnetic contribution due to the changes in
charge density and the ring current effect along the
metal-metal triangle. We would like to open our
conclusion for future 7O NMR study on metal
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carbonyl derivatives which are composed from metal
ring systems.

The present work was financially supported by a
Grant-in-Aid for Science Research No. 63540482 from
the Ministry of Education, Science and Culture.
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Synthesis of Layered Polysilicic Acid-Acrylamide Intercalation
Compounds and Polymerization in the Interlayer Spaces
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Layered polysilicic acid-acrylamide intercalation compounds were synthesized by the reaction of H-
magadiite (H2Si14O0z29- xH20) and H-kenyaite (H2Siz2oO41- xH20) with acrylamide saturated aqueous solutions.
The formation of the intercalation compounds were ascertained by X-ray powder diffraction, IR, 3C-CP MAS

NMR, DTA, and chemical analysis.

However, when H-magadiite was used, a part of the intercalated

acrylamide molecules was oligomerized during the intercalation. A heat treatment of the layered polysilicic
acid-acrylamide intercalation compounds led to a polymerization of the acrylamide in the interlayer spaces.

Many types of intercalation compounds have been
synthesized from layered inorganic compounds. For
example, clay mineral-polymer intercalation com-
pounds? have been synthesized by a direct polymer
intercalation or polymerization of monomer molecules
in interlayer spaces. Synthesis of inorganic-organic
polymer complexes by polymerization of monomers in
the interlayer space has attracted much attention from
the viewpoints of both intercalation chemistry and
polymer science.

Layered polysilicates, such as Na-magadiite (NagSiys-
Og-xH20) and K-kenyaite (K2Si2041-xH20), consist
of SiOy4 tetrahedra layers.2:® Layered polysilicic acids,
which are the acid type of layered polysilicates, also
consist of SiO4 tetrahedra layers, and have silanol
groups on their surfaces. Because of the presence of
silanol groups, the layered polysilicic acids act as a
solid acid with high surface acidity.? However, the
detailed crystal structures of many layered polysilicates
have not yet been defined. Similar to clay minerals, it
has been known that layered polysilicates and layered
polysilicic acids can intercalate various organic cations
and molecules, such as alkylammonium ions and
alkylamines.2:3:5®  Rojo et al.? investigated the
adsorption of N-substituted amides into layered
polysilicic acids and the interaction between amides
and interlayer silanol groups. However, only a few
polymer intercalated layered polysilicic acids have
been synthesized; Sugahara et al.® reported on the
polymerization of acrylonitrile in the interlayer space
of H-magadiite, and Lagaly et al.? also mentioned that
caprolactam and acrylamide were polymerized in the
interlayer space of H-magadiite. However, in the
latter work, the characterization of polymer inter-
calated H-magadiite was not described. No polymer
intercalated H-kenyaite has been reported.

In our previous studies, acrylamide was intercalated
into montmorillonitel® and kaolinite,!¥ and was
polymerized in their interlayer spaces. Acrylamide is
liable to be intercalated into layered materials and to
be polymerized. In this study, acrylamide was
intercalated to layered polysilicic acids, H-magadiite
(H2S114029- xH20) and H-kenyaite (H2SizO41-xH20),
and was allowed to polymerize in their interlayer

spaces. The results were compared with those of
montmorillonite- and kaolinite-polyacrylamide inter-
calation compounds.

Experimental

Materials. H-magadiite and H-kenyaite were prepared
by a method described by Lagaly et al.;3:® 0.1 mol dm~3 HC1
was added dropwisely to a suspension of Na-magadiite or
K-kenyaite until the pH became 2. The suspensions were
stirred for 24h and the pH value was kept at 2 with
0.1 mol dm—3 HCI. The products were filtered, washed until
no Cl- ions were detected, and air-dried. Their formation
was checked by X-ray powder diffraction; X-ray fluorescence
analysis showed the absence of alkali metal ions. Acrylamide
(Wako Pure Chemical Ind., extra pure) was recrystallized
before use.

Layered Polysilicic Acid-Acrylamide Intercalation Com-
pounds. About 10 ml of an acrylamide saturated aqueous
solution was added to 1 g of the layered polysilicic acids, and
the suspensions were stirred for 2 days at room temperature.
After the products were separated from the solutions by
centrifugation, they were washed with CCls and air-dried.
For interlayer polymerization, a part of the washed products
was heat-treated at 200 °C for 30 min with a DTA apparatus.

Analyses. X-Ray powder diffraction patterns were ob-
tained with a Rigaku Rad-IB diffractometer using Ni-
filtered Cu Ka radiation. Infrared spectra were recorded on a
Perkin-Elmer FTIR 1640, using a KBr disk method. DTA
curves were obtained with a Shimadzu thermal analyzer
(DT-20B) with @-AleO3 as the reference material. 3C-CP
MAS NMR spectra were obtained with a JEOL GSX-400
spectrometer at 100.54 MHz. The external standard was
tetramethylsilane. The matched radiofrequency field ampli-
tude was 39.7 kHz, with a 90° pulse of 6.3 us. The CP
contact time was 2 ms, and the pulse repetition time was 5 s.

Results and Discussion

Table 1 shows the values of the basal spacings of the
starting materials, the reaction products, and the heat-
treated products. After treatment with acrylamide
saturated solutions, the product from H-magadiite
indicated a basal spacing of 15.0 A. The value of the
product from H-kenyaite was 22.3 A. The increments
in H-magadiite were 3.8 A and corresponded to the
calculated thickness of an acrylamide molecule (3.7 A),
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Basal Spacings of Layered Polysilicic Acids and

Their Acrylamide Intercalated Compounds

H-magadiite/A H-kenyaite/A

Original form
Acrylamide intercalated form
Heat-treated acrylamide intercalated form (200°C)

11.2 16.5
15.0 22.3
14.0 21.7

Table 2.

Infrared Assignments of Acrylamide and the Layered Polysilicic

Acid-Acrylamide Intercalation Compounds

Wavenumber/cm™—1

Acrylamide!?

Montmorillonite-acrylamide intercalation compound
(15 A type)1

Kaolinite-acrylamide intercalation compound!?

H-magadiite-acrylamide intercalation compound

H-kenyaite-acrylamide intercalation compound

which suggested that acrylamide molecules lay flat in
the interlayer space. However, the increment in H-
kenyaite (5.8 A) was larger than the thickness of the
acrylamide molecules. This value was close to that of
the increment in the “15 A basal spacing phase” of
montmorillonite-acrylamide intercalation compound
(5.4 A),19 in which it was thought that acrylamide
molecules were probably adsorbed as a monomolecular
arrangement with the molecular plane perpendicular
to the silicate sheets. In the present kenyaite system,
therefore, such an arrangement may be possible.

The infrared spectrum of the product from H-
magadiite (Fig. 1b) indicated the appearance of new
peaks at 1676 cm™1, 1624 cm~1, and 1597 cm~1. By a
comparison with the infrared spectrum of acrylamide
in CHCI; solution,!? these peaks were ascribable to
vc-0, Vc=c, and On-u, respectively. The peak positions
were in good agreement with those in montmoril-
lonite-acrylamide and kaolinite-acrylamide intercala-
tion compounds (Table 2). This fact means that the
acrylamide molecules in the products have some
interaction with SiO4 tetrahedra layers, like that of
montmorillonite- and kaolinite-acrylamide intercala-
tion compounds. By a comparison with the IR results
of H-magadiite-N-methylformamide and -N,N-dimethyl-
formamide intercalation compounds,”? it was rea-
sonable to consider that this interaction between
acrylamide and SiOy4 tetrahedra layers of layered
polysilicic acid came about from hydrogen bonds
between silanol groups and C=O groups in acrylamide
molecules in the following way:

@

However, the shape of the vou peaks at 3500—
3000 cm~! of H-magadiite varied because of an
overlapping of the vn_u peaks due to acrylamide. The

Vc=0 Ve=Cc 6N—H
1686 1647 1618, 1592
1676 1624 1602
1685 1621 1597
1676 1624 1597
1671 1624 1588
a)
b)
o
2
8
E
0
c
dE
] ! L ] ]
4000 3000 2000 1500 1000 500
Wavenumber / cm™!
Fig. 1. IR spectra of a) H-magadiite, b) H-maga-

diite-acrylamide intercalation compound, and c) H-
magadiite-polyacrylamide intercalation compound.

IR spectrum of the product from kenyaite also showed
peaks due to acrylamide, similar to that of the product
from H-magadiite.

The 13C-CP MAS NMR spectra of the products from
H-magadiite and H-kenyaite (Figs. 2 and 3) indicated
peaks at about 131 ppm and 172 ppm, which can be
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a)

b) b)
* *
Il 1 | 1 1 1 1 1 i i
200 150 100 50 0 200 150 100 50 0
5 /ppm 8 / ppm
Fig. 2. BC-CP MAS NMR spectra of a) H-maga- Fig. 3. 1C-CP MAS NMR spectra of a) H-kenya-

diite-acrylamide intercalation compound and b) H-
magadiite-polyacrylamide intercalation compound.
Spinning side bands are marked by asterisks.

attributed to the carbon atoms in the ~-CH=CH; and
-CO-NH: groups, respectively.1®

From all of these results, it was confirmed that
acrylamide molecules were intercalated into the
interlayer regions of the layered polysilicic acids, H-
magadiite and H-kenyaite.

However, the 3C-CP MAS NMR spectrum of the
H-magadiite-acrylamide intercalation compound in-
dicated additional peaks at 14.1 ppm, 24.3 ppm, and
33.6 ppm (Fig. 2a). These were attributable to single-
bonded C atoms arising from a polymerized product.
In particular, the peak at 14.1 ppm, which can be
assigned to the terminal -CHs group in alkyl chain,
appeared to be strong, even after taking into account
an enhancement of the peak due to -CHs groups by the
CP technique. This means that some of the acrylamide
molecules in the interlayer spaces were oligomerized
simultaneously with the intercalation. On the other
hand, the NMR spectrum of the product from H-
kenyaite (Fig. 3a) did not show any peaks due to the
oligomerized product. It has been reported that H-
magadiite 1s a solid acid with Ho=—5——3 of surface
acidity.? Consequently, it is reasonable to consider
that the Si-OH groups on the surface of SiOg4

ite-acrylamide intercalation compound and b) H-
kenyaite-polyacrylamide intercalation compound.
Spinning side bands are marked by asterisks.

tetrahedra layers in H-magadiite acted as a catalyst for
the oligomerization of acrylamide. The acidity of H-
kenyaite has been reported to be H—=—3—+1.5. This
difference in the acidity may explain the oligomeriza-
tion of acrylamide only regarding the H-magadiite.

The results of chemical analyses of the layered
polysilicic acid-acrylamide intercalation compounds
were as follows: HS5114029: CH:CHCONH2=1:1.61
and Hj3Si20041: CH:CHCONH.=1:2.81. This differ-
ence in the contents of acrylamide was possibly
ascribable to the different structures, including the
interlayer spaces of H-magadiite and H-kenvyaite,
although they have not yet been clarified.!¥ This
difference agreed with the fact that the increment in
the basal spacing of the H-magadiite-acrylamide
intercalation compound was smaller than that of H-
kenyaite-acrylamide intercalation compound.

The DTA curves of the layered polysilicic acid-
acrylamide intercalation compounds showed exo-
thermic peaks which started at about 100 °C. There-
fore, the compounds were heat-treated at 200 °C for
30 min, and the products were analyzed.

After the heat treatment, the basal spacings of the
layered polysilicic acid-acrylamide intercalation com-
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pounds decreased from 1502 to 14.0A for H-
magadiite, and from 22.3 A to 21.7 A for H-kenyaite.
However, even after the heat treatment, these values
were larger than those of the starting layered poly-
silicic acids (Table 1).

The infrared spectrum of the heat-treated product
from the H-magadiite-acrylamide intercalation com-
pound (Fig. 1c) showed that the peak at 1624 cm—1 (vc-c)
decreased remarkably. In the infrared spectrum of the
heat-treated product from the H-kenyaite-acrylamide
intercalation compound, no significant peak appeared
at about 1620 cm~1. In the 13C-CP MAS NMR sectra of
the heat-treated products, a new broadened peak
appeared at 35—40 ppm, which was assignable to the
C-C single bonds in polymers, although weakened
peaks due to the C=C double bond still remained.
(Figs. 2 and 3). The fact that acrylamide molecules
partly remained in the heat-treated intercalation
compounds may result from their specific arrange-
ments in the interlayer space. The DTA curves of the
heat-treated products indicated the disappearance of
an exothermic peak starting from about 100 °C.

These facts mean that the exothermic peak starting
from about 100 °C in the DTA curve was attributable
to a polymerization of acrylamide in these intercala-
tion compounds. Therefore, from these results, it was
confirmed that acrylamide molecules in the interlayer
spaces of layered polysilicic acid were polymerized by a
heat treatment at 200°C. This polymerization of
intercalated acrylamide without an initiator was
attributable to the high surface acidities of the layered
polysilicic acids.34  Namely, as described above,
Si-OH groups on the surface of SiO4 tetrahedra layers
in the layered polysilicic acids acted as catalysis for
cationic polymerization, according to the following
equations:

CHy,=CH + HO-Si=

— CH3-CH+ + T0-8i=

C=0 C=0 @)
I!IHZ ILHZ

and

CH3—CH+ + CHZ:({:H —> CH3—C‘IH—CH2—CIZH+
C=0 C=0 C=0 C=0 (3)
1|\IH2 II\IHZ I!IHZ I\'IHZ

Since montmorillonite and kaolinite have no silanol
groups on their layer structures, it was difficult to
polymerize acrylamide in their interlayer spaces in the
process expressed in Egs. 2 and 3.

The organic contents of the layered polysilicic
acid-polyacrylamide intercalation compounds were as
follows: H2Si14029: CH:CHCONH;=1:1.25 in the H-
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magadiite-polyacrylamide intercalation compound,
and HzSizoOu:CHzCHCONHz:l :262 in the H-
kenyaite-polyacrylamide intercalation compound.
These values were smaller than those of the layered
polysilicic acid-acrylamide intercalation compounds.
This fact suggested that some of the acrylamide
molecules in the interlayer spaces were eliminated
during the heat treatment.

In conclusion, both H-magadiite and H-kenyaite,
which are the layered polysilicic acids, intercalated
acrylamide into their interlayer spaces by a treatment
with acrylamide saturated aqueous solutions. However,
in the case of the H-magadiite-acrylamide intercala-
tion compound, a part of acrylamide molecules in the
interlayer surfaces was oligomerized because of the
high surface acidity of H-magadiite.

By a heat treatment of these layered polysilicic
acid-acrylamide intercalation compounds, acrylamide
was polymerized in the interlayer spaces. However, a
part of acrylamide was eliminated during the heat
treatment.

The authors wish to express their thanks to Dr.
Yoshiyuki Sugahara (Dept. of Appl. Chem., Waseda
Univ.) for his NMR measurement and helpful
discussions. This work was supported in part by The
Cement Association of Japan.
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Phenyl 1-(trimethylsilyl)propadienyl sulfide undergoes a hydroalumination with diisobutylaluminum
hydride (DIBAH) or lithium butyl(diisobutyl)aluminum hydride (BL-DIBAH). The adduct anion derived from
DIBAH is regioselectively trapped with carbonyl compounds at the position & to the phenylthio moiety to give
1,3-dienes as Peterson olefination products; the anion derived from BL-DIBAH is trapped at the position vy to
the phenylthio moiety to give 3-buten-1-ols. Silylmetalation and stanylalumination on the same acceptor have

been also briefly investigated as equivalent reactions.

In the preceding paper of this series, we have
reported that 1-silyethenyl sulfides show only a limited
reactivity toward organolithiums in the sequential
reactions consisting of Michael type addition and
Peterson olefination.? We came to select a 1-silyl-
propadienyl sulfide since this cumulative acceptor was
expected to form adduct anion intermediates with a
much higher stabilization. The synthetic applications
of propadienylsilanes are quite limited to the use as
nucleophilic reagents.?2  Michael type addition is
rarely known.

Results and Discussion

Phenyl 1-(trimethylsilyl)propadienyl sulfide (1) used
as the acceptor in the present work was prepared in
87% vyield by deprotonation of phenyl 1-propynyl
sulfide® with lithium diisopropylamide (LLDA) at
—78 °C and subsequent silylation with chlorotrimethyl-
silane.

Although no reaction was observed between allenyl-
silane 1 and diisobutylaluminum hydride (DIBAH)
in hexane,? a slow reaction took place in tetrahydro-
furan (THF) at room temperature to give, after
hydrolytic work-up, 48% yield of phenyl 1-trimethyl-
silyl-2-propenyl sulfide (2) after 24 h (Scheme 1). In
this reaction, some of the starting compound 1 was
recovered even when two equivalents of DIBAH were
employed. A quantitative recovery of 1 resulted in a
similar reaction in 1,2-dimethoxyethane (DME) showing
highly solvent-sensitive nature of this reaction, and the
use of a catalytic amount of copper(l) iodide was
totally ineffective.

The exclusive formation of 2 by the regioselective
reaction at the less hindered double bond of allene 1
accords with the previously reported selectivity.?
Trapping of the adduct anion intermediate with
benzaldehyde gave, after work-up with Rochell solu-
tion (aqueous potassium sodium tartrate), 1-phenyl-2-
phenylthio-1,3-butadiene (4a, 39%) and alcohol 5a
(31%). Since alcohol 5a was quantitatively converted
into butadiene 4a by heating under reflux in

ethanol, both 4a and 5a are the products produced
from the regioselective carbonyl trapping reaction.
Butadiene 4a actually the only product (62%) when the
reaction mixture of 1, DIBAH, and benzaldehyde was
treated with dilute hydrochloric acid. Accordingly, it
1s most likely that the (3-silylallyl)aluminum A was
involved as the initial adduct intermediate since
allylaluminums are known to react with carbonyl
compounds via an allyl rearrangement (Scheme 1).5:6)
However, the regioselective water quenching of A
through allyl rearrangement was surprising.

An aluminate complex, lithium butyl(diisobutyl)-
aluminum hydride (BL-DIBAH), was found to show a
higher reactivity to propadienylsilane 1 than DIBAH,
but regiochemical outcome of this reaction was rather
poor. Thus, comparable yields of 2 (20%) and phenyl

SPh (iBu)AH (iBu)Al
_—_——»

=

1 SiMe,

* LiAI(n-Bu)(+Bu)2H

+ H,0 A SiMe;
- SPh
Li * TAI(n-Bu)(+Bu), 2
H>O SiMe.
/ -\_rS'Mea 3 5. 3
B SPh SPh 3
OH R, OH
RR' SiMe
/\(C A(QR RXN 3
SPh PhS SiMe; PhS
4a R=H,R=Ph 5a R=Ph 6a R=HR=Ph
4b R=Me,R=Ph 5b R=nPr 6b R=HR=nPr
4c R,R =(CHy)s 6C R=H,R=tBu

6d R=Me,R=Ph
6e RR'=(CHys

OH OTHP OH
/K/\J,Sph
Ph Ph Ph
7 8 sph
Scheme 1.
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1-trimethylsilyl-1-propenyl sulfide (3, 21%) were ob-
tained in the reaction of 1 with BL-DIBAH (1.2 equiv)
after hydrolytic quenching. The quenching with
benzaldehyde afforded, after hydrolytic work-up with
Rochell solution, a single isomer of l-phenyl-4-
phenylthio-4-trimethylsilyl-3-buten-1-ol (6a, 62%) along
with the recovered 1 (21%).

A considerably ionized species B was presumably
involved in the reaction of 1 with BL-DIBAH because
the aluminum-carbon bond in B should be less
covalent than in A (Scheme 1). The different regio-
selectivity in the cases of the hydrolytic quenching
and the quenching with benzaldehyde can be explained
by steric factors. There are several examples known for
the reaction of hetero-substituted lithium allylalumi-
nates or crotylaluminates with carbonyl compounds,
where the carbonyl addition took place at the position
substituted by the hetero substituents.? Our regio-
selective carbonyl addition at the unsubstituted termi-
nal carbon atom makes a striking contrast with these
precedents. This reverse selectivity would probably
have arisen from a high steric congestion at the sub-
stituted carbon atom of B.

Hydroalumination of 1 with DIBAH of BL-DIBAH
and trapping of the resulting adducts were per-
formed by using several carbonyl compounds to
give 2-phenylthio-1,3-butadienes 4a—c (or the corre-
sponding alcohols 5a, b) or 4-phenylthio-4-tri-
methylsilyl-3-buten-1-ols 6a—e, and the results are
summarized in Scheme 1 and Table 1.

The Z-geometry of olefin part of 6a was determined
on the basis of the following observation: Only Z-
isomer of 7 was formed in 57% yield upon treatment of
6a with tetrabutylammonium fluoride (TBAF) in
hexamethylphosphoric triamide (HMPA), and this

Table 1.
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SPh
s SlMea » 6a
Ph\I/O'“'AI‘(rrBu)(i—Bu)z
H Lt

c

Fig. 1. High E-selectivity in the reaction of B with
benzaldehyde leading to 6a.

isomer underwent a gradual isomerization in chloro-
form solution into thermodynamically more stable E-
isomer of 7 (*H NMR). The six-membered transition
state C shown in Fig. 1 would be responsible for the
observed exclusive Z-selectivity.

The anion resulting from the desilylation of 6 could
be trapped with an aldehyde. Thus, after protection of
the hydroxyl moiety as a tetrahydropyranyl (THP)
ether, vinylsilane 6a was desilylated with TBAF in the
presence of benzaldehyde to afford adduct 8 in 57%
yield.

We further examined several reactions which are
synthetic equivalent of the above hydroalumination.
Thus, methyl(methyldiphenylsilyl)magnesium, pre-
pared from methylmagnesium iodide and (methyl-
diphenylsilyl)lithium,® reacted with 1 in the presence
of a catalytic amount of copper(I) iodide in THF at
room trmperature to give, after hydrolytic quenching,
a single isomer of phenyl 2-(methyldiphenylsilyl)-1-
trimethylsilyl-1-propenyl sulfide (9) in 62% vyield
(Scheme 2). However, attempted alkylation of the
resulting anion D (M=MgMe) with benzaldehyde or
methyl iodide was unsuccessful.

On the other hand, the reaction of 1 with lithium
(methyldiphenylsilyl)cuprate® in THF at 0 °C afforded
the same compound 9 in 57% yield after hydrolytic

Hydroalumination and Related Reactions of Propadienylsilane 1

Followed by Quenching with Carbonyl Compounds or Water

Nucleophile? Conditions Electrophile? Conditions Work-up Product (yield/%)»
(z-Bu)2AlH (2) THF rt, 24h None Rochell soln  2(48)
(-Bu)2AlH (2) THEF rt, 24h PhCHO(3) rt, 2h Rochell soln  4a(39)+5a(31)+(9)®
(z-Bu)2AIH (2) THF rt, 2h PhCHO(3) rt, 2h Dilute HCI 4a(62)+(26)°
(z-Bu)2AIH (2) THEF rt, 36 h PhCOMe(2) rt, 3h Dilute HCI 4b(21)
(i-Bu)2AlH (2) THEF rt, 24h Cyclohexanone(2) rt, 1h Dilute HCI 4c(6)
(i-Bu)2AlH (2) THF rt, 24h n-PrCHO(3) 0°C, 1h Dilute HCI 5b(58)
LiAl(n-Bu)(:-Bu)2H (1) DME rt, 4h None Rochell soln  2(20)+3(21)
LiAl(n-Bu)(z-Bu)2H (1.2) DME rt, 3h PhCHO(2) rt, 2h Dilute HCI 6a(62)+(21)2
LiAl(n-Bu)(i-Bu)eH (1.2) DME rt, 3h n-PrCHO(2) rt, 2h Dilute HCI 6b(44)+(14)®
LiAl(n-Bu)(z-Bu)2H (1) DME rt, 3h t+-BuCHO(1.5) rt, 2h Dilute HCl 6c(57)
LiAl(z-Bu)(-Bu):H (1.2) DME 0°C, 1 h PhCOMe(1.5) 0°C,1h  Dilute HCl  6d(37)+(11)?
LiAl(n-Bu)(z-Bu):H (1.2) DME 0°C, 1h Cyclohexanone(2) rt, 2h Dilute HCI 6e(51)+(12)
MeMg(PhzMeSi) (1.3) THF 0°C, 3 hV None Aq NH4Cl 9(62)
LiCu(PhzMeSi)z (1.2) THF 0°C, 3h None Aq NH.CI 9(57)
LiCu(PhgzMeSi)2 (1.2) THF 0°C, 3h PhCHO(2) rt, 12h Aq NH4Cl 1051
EtzAl[(n-Bu)sSn] (3) THEF rt, 12h» None Dilute HC1 11(17)+12(20)
LiAl[(n-Bu)sSn]Mes (3) THF 0°C, 1h PhCHO(3) 0°C, 1.5h  Dilute HCI 13(25)

a) The number in parentheses is the amount of reagent used (in equivalent). b) Yield of isolated products. c¢) Yield/% of
the recovered 1. d) Yield/% of a mixture of 2and 3. e) Yield/% of 3. f) A catalyticamountof copper(I)iodide was used. g)
Obtained as a 1:1 mixture of two geometrical isomers ({H NMR). h) A catalytic amount of copper(I) cyanide was used.
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Scheme 3.

work-up. In contrast with the poor reactivity of the
adduct anion D (M=MgMe) derived from 1 and
methyl(methyldiphenylsilyl)magnesium, the adduct
anion D (M=L1i) showed a higher reactivity toward an
aldehyde so that it could be trapped with benzaldehyde
to afford alcohol 10 (51%) as a 1:1 mixture of two
geometrical isomers.

Stannylalumination of allene 1 could be carried out
by employing diethyl(tributylstannyl)aluminum, pre-
pared from diethylaluminum chloride and (tributyl-
stanyl)lithium,!® where two regioisomeric adducts 11
and 12 were obtained in 17 and 20% yields, respec-
tively, after hydrolytic quenching (Scheme 3). The
stereochemical assignment of stereochemically pure 11
could not be made only on the basis of spectral data.
Trapping of the adduct anion with benzaldehyde was
unsuccessful, mixture of complex products having
resulted.

When an aluminate complex such as lithium
(tributylstannyl)trimethylaluminate, prepared from
trimethylaluminum and (tributylstannyl)lithium, was
used, quenching of the resulting adduct anion with
benzaldehyde proceeded regioselectively to give 13,
albeit in 25% yield.

Experimental

General and Materials. For the instruments used for the
record of spectral data and the general experimental
procedures, see Ref. 1. Phenyl 1-trimethylsilyl-2-propenyl
sulfide (2), (Z)-1-phenyl-4-phenylthio-4-trimethylsilyl-3-
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buten-1-ol (6a), and (Z)-2,2-dimethyl-5-hexen-3-ol (6¢) are all
known compounds.1?

Phenyl 1-(Trimethylsilyl)propadienyl Sulfide (1). To the
LDA solution freshly prepared from bytyllithium (1.6 M in
hexane, 22.5 ml, 36 mmol; 1 M=1 mol dm~3) and diisopropyl-
amine (5.6 ml, 36 mmol) in dry THF (40ml) was added
dropwise at —78 °C a solution of phenyl 1-propynyl sulfide
(4.44g, 30 mmol) in THF (10 ml). After 1h, this solution
was slowly transferred with the aid of a Teflon tube into a
cooled solution (—78°C) of chlorotrimethylsilane (5.1 ml,
36 mmol) in THF (30 ml). After 1 h at —78°C, saturated
aqueous ammonium chloride was added and the mixture
was extracted with diethyl ether (50 mIX3). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was subjected to vacuum distillation
to give 1 (5.74 g, 87%): Pale yellow liquid; bp 55—57 °©C/106
Pa (bulb-to-bulb); IR (neat) 2177, 1250, 874, and 841 cm™1;
'H NMR (CDCls) 6=0.15 (9H, s, MesSi), 4.51 (2H, s, =CHz),
and 7.1—-7.4 (5H, s, Ph); 3CNMR (CDCls) 6=—1.53 (q,
MesSi), 73.18 (t, 3-C), 92.89 (s, 1-C), 127.07, 128.77, 131.66
(each d, Ph), 135.30 (s, Ph), and 209.60 (s, 2-C); MS m/z (rel
intensity, %) 220 (M+, 65), 115 (12), 103 (25), 77 (20), and 73
(base peak). No satisfactory result of analytical data was
obtained due to the instability of 1.

Phenyl 1-Trimethylsilyl-1-propenyl Sulfide (3). To a solu-
tion of DIBAH (1 M in hexane, 1 ml, 1 mmol) in DME (5 ml)
was added at 0°C butyllithium (1.6 M in hexane, 0.63 ml,
1 mmol). After 5 min, 1(0.22 g, 1 mmol) in DME (2 ml) was
added, the mixture was stirred at room temperature for 4 h,
and poured into aqueous potassium sodium tartarate, and
then extracted with diethyl ether (20 m1X2). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was chromatographed over silica gel
with hexane to give 3 (0.046 g, 21%) and then 2 (0.045 g, 20%).
3: Coloress liquid; IR (neat) 2956, 1589, 1248, and 839 cm~%;
'HNMR (CDCls) 6=0.03 (9H, s, MesSi), 1.91 (3H, d,
J3-2=6.5Hz, Me), 6.68 (1H, q, J»-s=6.5 Hz, =CH), and 7.13
(5H, m, Ph); 3C NMR (CDCl3) 6=—1.18 (MesSi), 17.18 (Me),
125.24 (2-C), 127.95, 128.89, 135.01, 138.13 (each Ph), and
148.01 (1-C); MS m/z (rel intensity, %) 222 (M*, 85), 167 (base
peak), and 73 (68). HRMS Found: m/z 222.0892. Calcd for
C12H1sSSi: M, 222.0889.

1-Phenyl-2-phenylthio-1,3-butadiene (4a) and 1-Phenyl-2-
phenylthio-2-trimethylsilyl-3-buten-1-0l (5a). To a solu-
tion of 1 (0.22 g, 1 mmol) in dry THF (5 ml) was added at
0°C DIBAH (1 M in hexane, 2 ml, 2 mmol). After 24h at
room temperature, benzaldehyde (0.318g, 3 mmol) was
added and stirring was continued for 2h. Aqueous
potassium sodium tartarate was added and the mixture was
extracted with diethyl ether (20 mlX3). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was chromatographed on silica gel by
using hexane-ethyl acetate (20:1 v/v) to give 4a (0.093 g,
39%) and 5a (0.103 g,31%), and allene 1 was recovered in 9%
yield (0.02 g).

When the above reaction mixture was quenched with
dilute hydrochloric acid, 4a (0.148g, 62%) was obtained
together with the unreacted 1 (0.058 g, 26%) after silica-gel
chromatography using hexane-ethyl acetate (5:1 v/v).

4a (a 1:2 mixture of E- and Z-isomers): Colorless liquid;
IR (neat) 3059, 1581, 1477, 1439, and 916 cm~!; 'H NMR
(CDCls) E-isomer: 6=5.30 (1H, dt, J4+.3=10.7, Jem=J+1=1.5 Hz,
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one of 4-H), 5.83 (1H, dd, J4+s=17.3 and Jem=1.5 Hz, the
other of 4-H), 6.86 (1H, ddd, J;4,=17.3 and 10.7, and
J31=1.0Hz, 3-H), 6.96 (1H, brs, 1-H), and 7.1—7.4 (10H, m,
Ph); Z-isomer: 6=5.18 (1H, dt, J4+3=10.8, Jsew=7Js1=0.8 Hz,
one of 4-H), 5.69 (1H, dd, J:3=16.7 and J,m=0.8 Hz, the
other of 4-H), 6.55 (1H, ddd, Js.=16.7 and 10.8, and
J31=0.8 Hz, 3-H), 7.1—7.4 (9H, m, Ph and 1-H), and 7.70
(2H, d, Ph); BCNMR (CDCls) 6=117.73, 120.05, 125.42,
126.46, 127.58, 127.64, 128.12, 128.28, 128.30, 128.87, 128.98,
129.34, 129.89, 129.92, 131.27, 131.77, 135.94, 136.04, 136.21,
137.98, and 139.77; MS m/z (rel intensity, %) 238 (M+, 65),
129 (base peak), 128 (84), 127 (27), 104 (24), and 77 (25).
HRMS Found: m/z 238.0816. Calcd for CisHisS: M,
238.0816.

5a: Pale yellow liquid; IR (neat) 3350, 1580, 1475, and
1430 cm™; 'tH NMR (CDCls) 6=—0.04 (9H, s, MesSi), 2.95
(1H, d, J=2.6 Hz, OH), 5.05 (1H, d, J1-ou=2.6 Hz, 1-H), 5.20
(1H, dd, J4+-5=11.3 and Jeem=1.1 Hz, one of 4-H), 5.36 (1H, dd,
J+3=17.3 and Jem=1.1 Hz, the other of 4-H), 5.88 (1H, dd,
J3-~—=17.3 and 11.3 Hz, 3-H), and 7.2—7.7 (10H, m, Ph);
13C NMR (CDCls) 6=—0.42 (MesSi), 57.65 (2-C), 77.02 (1-C),
116.63 (4-C), 129.43, 129.62, 129.91, 130.09, 130.53, 130.59,
130.97, 136.81, 138.51, and 142.37 (3-C and Ph); MS m/z (rel
intensity, %) 328 (M+, 5), 238 (24), 129 (38), 128 (27), 110 (41),
109 (28), 107 (22), and 105 (base peak). No satisfactory
analytical data was available due to its instability.

4-Phenyl-3-phenylthio-1,3-pentadiene (4b). The same pro-
cedure as above employing 1 (1 mmol) and DIBAH (2 mmol)
was follwed by the addition of acetophenone (0.24g,
2 mmol) in THF (2 ml). After 3 h at room temperature, the
reaction mixture was treated with dilute hydrochloric acid
and extracted with diethyl ether (20 mI)X3). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was chromatographed on silica gel
with hexane to give 4b (0.052 g, 21%): Pale yellow liquid; IR
(neat) 3080, 1580, 1480, 1440, and 1025cm~1; 'H NMR
(CDCls) 6=2.25 (3H, s, Me), 4.85 (1H, br d, J1-=10.5 Hz, one
of 1-H), 5.51 (1H, br d, J,-»=16.5 Hz, the other of 1-H), 6.31
(1H, dd, J»-1=16.5 and 10.5 Hz, 2-H), and 6.9—7.3 (10H, m,
Ph); 3C NMR (CDCls) 6=24.97 (Me), 117.10, 124.92, 126.60,
127.44, 128.16, 128.32, 128.52, 128.77, 128.85, 134.16, 142.48,
and 149.77 (each olefinic C and Ph); MS m/z (rel intensity,
%) 252 (M+, 67), 226 (22), 218 (30), 143 (base peak), 142 (25),
141 (23), 128 (79), 115 (29), 109 (28), 103 (20), and 91 (26).
HRMS Found: m/z 252.0974. Caled for CisHieS: M,
252.0975.

1-Cyclohexylidene-2-propenyl Phenyl Sulfide (4c). The
same procedure as above employing 1 (1 mmol) and DIBAH
(2 mmol) was followed by the addition of cyclohexanone
(0.2g, 2mmol) in THF (2ml). After 1 h at room tem-
perature, the reaction mixture was treated with dilute
hydrochloric acid and extracted with diethyl ether (20 mIX3).
The combined extracts were dried over magnesium sulfate
and evaporated in vacuo. The residue was chromatographed
on silica gel with hexane, and the eluent containing 4c was
further purified by preparative thin layer chromatography
(4c: 0.014 g, 9%): Pale yellow liquid; IR (neat) 2980, 1570,
1485, 1445, 1250, and 845 cm~!; 'H NMR (CDCls) 6=1.4—1.8
(6H, m, CHz), 2.5—2.9 (4H, m, CHy), 5.11 (1H, dd, Js=11.2
and Jeem=2.4 Hz, one of =CHz), 5.66 (1H, dd, Jirns—=16.0 and
Jeem=2.4 Hz, the other of =CHy), 6.87 (1H, dd, Jiuns—=16.0 and
Jas=11.2Hz, =CH), and 7.15 (5H, br s, Ph); 1BCNMR
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(CDCls) 6=26.65, 28.32, 28.41, 31.85, 34.60 (each CHa),
117.22, 122.13, 124.56, 126.45, 128.66, 131.96, 138.07, and
154.24 (each olefinic C and Ph); MS m/z (rel intensity, %) 230
(M*, base peak), 125 (13), 121 (18), 105 (11), 93 (12), and 91
(24). HRMS Found: m/z 230.1098. Calcd for CisHisS: M,
230.1070.

3-Phenylthio-3-trimethylsilyl-1-hepten-4-ol (5b). The same
procedure as above employing 1 (1 mmol) and DIBAH
(2 mmol) was followed by the addition of butanal (0.216 g,
3mmol) in THF (2ml). After 1 h at 0°C, the reaction
mixture was treated with dilute hydrochloric acid and
extracted with diethyl ether (20 m1X3). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was chromatographed on silica gel
with hexane-ethyl acetate (20:1 v/v) to give 5b (0.171 g,
58%): Pale yellow liquid; 'H NMR (CDCls) 6=0.19 (9H, s,
MesSi), 0.92 (3H, t, J=6.0 Hz, n-Pr), 1.2—1.8 (4H, m, n-Pr),
2.56 (1H, d, J=3.5 Hz, OH), 3.7—3.9 (1H, m, 4-H), 6.90 (1H,
dd, J1»=17.5 and Jem=1.1 Hz, one of 1-H), 5.03 (1H, dd,
J12=11.0 and Jem=1.1 Hz, the other 1-H), 5.82 (1H, dd,
Jo=17.5 and 11.0Hz, 2-H), and 7.1—7.6 (5H, m, Ph);
13C NMR (CDCls) 6=—1.12 (q, MesSi), 14.21 (q, n-Pr), 20.61,
36.52 (each t, n-Pr), 55.37 (s, 2-C), 73.09 (d, 1-C), 114.21 (t,
4-C), 128.61, 131.78 (each d, Ph), 135.16 (s, Ph), 136.62, and
138.18 (each d, Ph and 3-C); MS m/z (rel intensity, %) 294
(M, 20), 204 (base peak), 175 (68), 161 (31), 111 (47), 110 (22),
95 (27), and 77 (20). HRMS Found: 294.1483. Calcd for
Ci16H260SSi: 294.1472.

General Procedure for Addition of BL-DIBAH to 1
Followed by Quenching with Carbonyl Compounds. As a
typical procedure, the reaction leading to 6a is presented
below: To a solution of DIBAH (1 M in hexane, 1.2 ml,
1.2 mmol) in dry DME (5 ml) was added at 0 °C butyllithium
(1.6 M in hexane, 0.75ml, 1.2 mmol). After 10min, a
solution of 1 (0.22 g, 1 mmol) in DME (2 ml) was added and
stirring was continued at room temperature for 3 h.
Benzaldehyde (0.212 g, 2 mmol) in DME (2 ml) was added.
The mixture was stirred at room temperature for 2 h, poured
into dilute hydrochloric acid, and extracted with diethyl
ether (20 mIX3). The combined extracts were dried over
magnesium sulfate and evaporated in vacuo. The residue
was chromatographed on silica gel by using hexane-ethyl
acetate (20:1 v/v) to give 6a (0.203 g, 62%) and a mixture of 2
and 3 (0.048 g, 21%).

The eluent employed in the silica-gel column chromatog-
raphy for the purification of 6b—e was hexane-ethyl acetate
(20:1 v/v) in all cases. Reaction conditions and results are
listed in Table 1.

(Z)-1-Phenylthio-1-trimethylsilyl-1-hepten-4-ol (6b): Color-
less liquid; IR (neat) 3400, 1245, and 840 cm™!; 'H NMR
(CDCls) 6=—0.04 (9H, s, MesSi), 0.8—1.0 (3H, m, n-Pr),
1.2—1.5 (5H, m, n-Pr and OH), 2.5—2.6 (2H, m, 3-H), 3.70
(1H, m, 4-H), 6.66 (1H, t, J»3=6.6 Hz, 2-H), and 7.0—7.3
(5H, m, PH); B3C NMR (CDCls) 6=—0.83 (MesSi), 14.28,
19.06, 39.09, 39.82 (each n-Pr and 3-C), 71.37 (4-C), 125.52,
128.40, 128.90, 136.69, 137.79 (each Ph and 2-C), and 148.89
(1-C); MS m/z (rel intensity, %) 294 (M+, 18), 222 (32), 167
(31), 98 (36), and 73 (base peak). HRMS Found: m/z
294.1472. Calcd for CieH260SSi: M, 294.1472.

(Z)-2-Phenyl-5-phenylthio-5-trimethylsilyl-4-penten-2-ol
(6d): Pale yellow liquid; IR (neat) 3400, 1245, and 840 cm~1;
1H NMR (CDCls) 6=0.00 (9H, s, MesSi), 1.64 (3H, s, Me),
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1.92 (1H, br s, OH), 3.00 (2H, d, J5..=6.9 Hz, 3-H), 6.60 (1H,
t, Jo3—=6.9 Hz, 4-H), and 7.1—7.5 (10H, m, Ph); 3C NMR
(CDCls) 8=—0.80 (MesSi), 30.28 (Me), 45.26 (3-C), 74.84 (2-
C), 125.07, 125.56, 127.02, 128.44, 128.57, 128.86, 131.01,
137.36, 137.63 (each Ph and 4-C), and 147.74 (5-C); MS m/z
(rel intensity, %) 342 (M*+, 7), 223 (20), 222 (base peak), 167
(33), 121 (80), and 73 (81). HRMS Found: m/z 342.1475.
Calcd for CaoHgOSSi: M, 342.1476.
(Z)-1-(3-Phenylthio-3-trimethylsilyl-2-propenyl)-1-cyclo-
hexanol (6e): Pale yellow liquid; IR (neat) 3400, 1250, and
845 cm—1; 'H NMR (CDCls) 6=—0.03 (9H, s, MesSi), 1.1—1.6
(10H, m, CHy), 2.58 (2H, d, J=7.0 Hz, CHz), 6.74 (1H, t,
J=1.0Hz, CH), and 7.0—7.3 (5H, m, Ph); 3C NMR (CDCls)
6=—0.68 (MesSi), 22.49, 25.91, 38.05, 43.45 (each CHy), 72.15
(CH), 125.46, 128.46, 128.86, 136.90, 137.89, and 148.17 (each
olefinic C and Ph); MS m/z (rel intensity, %) 320 (M+, 5), 222
(59), 167 (39), 99 (32), 81 (35), and 73 (base peak). HRMS
Found: m/z 320.1136. Calcd for C1sHasOSSi: 320.1629.
1-Phenyl-4-phenylthio-3buten-1-0l (7). To a solution of
6a (0.117 g, 0.36 mmol) in HMPA (1 ml) were added water
(0.1 ml) and TBAF (1 M in THF, 0.5ml, 0.5 mmol). After
stirred for 1.5h at room temperature, the mixture was
poured into water and extracted with diethyl ether (15 mIX2).
The combined extracts were dried over magnesium sulfate
and evaporated in vacuo. The residue was chromatographed
on silica gel by using hexane-ethyl acetate (5:1 v/v) to give
(Z)-7 (0.052 g, 57%), which gradually changed into (E)-7 in
chloroform solution. (Z)-7: Pale yellow liquid; IR (neat)
3350, 1580, 1470, 1430, and 730 cm™%; 'HNMR (CDCls)
8=2.18 (1H, br s, OH), 2.70 (2H, dt, Jo.=J>s=7.2 Hz and
J24=1.0 Hz, 2-H), 4.68 (1H, t, J1,=7.2 Hz, 1-H), 5.80 (1H, dt,
J54=9.4 and J55=7.2 Hz, 3-H), 6.31 (1H, dt, J:5=9.4 and
J+2=1.0 Hz, 4-H), and 7.1—7.4 (10H, m, Ph); MS m/z (rel
intensity, %) 256 (M+, 10), 150 (36), 107 (39), 79 (78), 78 (29),
and 77 (base peak). (E)-7: tH NMR (CDCls) 6=2.10 (1H, brs,
OH), 2.57 (2H, dt, Jo-1=J25=6.6 and J»+=0.8 Hz, 2-H), 4.74
(H, t, J1.=6.6Hz, 1-H), 5.86 (1H, dt, J5.=15.0 and
J32=6.6 Hz, 3-H), 6.20 (1H, dt, J43=15.0 and J.,.»=0.8 Hz,
4-H), and 7.2—7.4 (10H, m, Ph).
1,5-Diphenyl-2-phenylthio-5-[2-(tetrahydropyranyl)oxy]-2-
penten-1-0l (8, a 3:2 mixture of two diastereomers): To a
solution of 6a (0.282g, 0.86 mmol) in dichloromethane
(3 ml) were added 3,4-dihydro-2H-pyran (0.126 g, 1.5 mmol)
and pyridinium p-toluenesulfonate (0.025g, 0.1 mmol).
After stirred at room temperature for 12 h, the reaction
mixture was poured into water and extracted with diethyl
ether (15mlX2). The combined extracts were dried over
magnesium sulfate and evaporated in vacuo. The residue
was chromatographed on silica gel with hexane-ethyl
acetate (20:1 v/v) to give the THP ether (0.331 g, 93%). Toa
mixture of this product (0.131 g, 0.32 mmol) and benzaldehyde
(0.05 g, 0.5 mmol) in THF (3 ml) was added TBAF (1 M in
THF, 0.03 ml, 0.03 mmol). The mixture was stirred at room
temperature for 12 h, poured into water, and extracted with
diethyl ether (15 m1X2). The combined extracts were dried
over magnesium sulfate and evaporated in vacuo. The
residue was chromatographed on silica gel with hexane-
ethyl acetate (5:1 v/v) to give 8 (0.081 g, 57%): Pale yellow
liquid; IR (neat) 3450, 1585, 1480, 1455, and 1030 cm™1;
1H NMR (CDCls) 6=1.3—1.9 (6H, m, THP), 2.35 (1H, br s,
OH), 2.86 (2H, t, Jis=J+5=6.2 Hz, 4-H), 3.2—3.9 (2H, m,
THP), 4.7—4.8 (2H, m, THP and 5-H), 5.10, 5.13 (1H, each
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s, 1-H), 6.27, 6.41 (1H, each dt, J5.=6.2 and J;.,=3.3 Hg,
3-H), and 7.1—7.4 (15H, m, Ph); 3C NMR (CDCls) 6=19.09,
19.19, 25.40, 25.51, 30.57, 37.02, 38.50, 61.88, 61.97, 62.10,
76.10, 76.35, 76.38, 95.02, 95.19, 97.49, and signals for
aromatic and olefinic carbons.

Phenyl 2-(Methyldiphenylsilyl)-1-trimethylsilyl-1-propenyl
Sulfide (9). Methylmagnesium iodide (1.3 M diethyl ether,
1 ml, 1.3 mmol) was added at 0°C to methyldiphenylsilyl-
lithium (0.32 M in THF, 4.1 ml, 1.3 mmol). Copper(I)iodide
(0.01 g) and 1 (0.22 g, 1 mmol) were added after 15 min at
0°C. After 3 hat0°C, the mixture was poured into aqueous
ammonium chloride and extracted with diethyl ether
(20 m1X2). The combined extracts were dried over magnesium
sulfate and evaporated in vacuo. The residue was
chromatographed on silica gel by using hexane to give 9
(0.201 g, 62%) as a single isomer: Colorless liquid; IR (neat)
1583, 1429, 1250, 841, and 789 cm=1; 'H NMR (CDCls) 6=0.10
(9H, s, MesSi), 0.73 (3H, s, MePhsSi), 2.00 (3H, s, Me), and
6.8—7.5 (15H, m, Ph); 3C NMR (CDCls) 6=—1.59 (MesSi),
1.24 (MePhsSi), 26.47 (Me), 125.18, 127.54 128.07, 128.65,
129.13, 135.13, 138.25, 139.71 (each 2-C and Ph), and 148.01
(1-C); MS m/z (rel intensity, %) 418 (M+, 10), 310 (12), 259
(14), 198 (20), 197 (base peak), 105 (36), and 73 (26), HRMS
Found: m/z 418.1648. Calcd for CesHsoSSia: M, 418.1689.

3-(Methyldiphenylsilyl)-1-phenyl-4-phenylthio-4-trimethyl-
silyl-3-buten-1-0l (10). A mixture of copper(I) iodide
(0,23 g, 1.2 mmol) and (methyldiphenylsilyl)lithium (0.34 M
in THF, 7.5 ml, 2.4 mmol) was stirred at 0 °C for 20 min. To
this solution was added 1 (0.22 g, 1 mmol) in THF (2 ml).
After stirring at 0 °C for 3 h, benzaldehyde (0.212 g, 2 mmol)
was added, the mixture was stirred at room temperature for
12h, poured into aqueous ammonium chloride, and
extracted with diethyl ether (20 mlX2). The combined
extracts were dried over magnesium sulfate and evaporated
in vacuo. The residue was chromatographed on silica gel
with hexane to give 10 (0.267 g, 51%) as a 1:1 mixture of two
isomers: Pale yellow viscous liquid; IR (neat) 2956, 1583,
1430, 1250, and 1026 cm~1; TH NMR (CDCls) 6=0.04 (9H, s,
MesSi), 0.66, 0.67 (3H, each, s, MePh,Si), 2.5—2.9 (2H, m,
OH and one of 2-H), 3.28 (1/2H, dd, Jem=16.0 and
J2-1=6.0 Hz, the other of 2-H), 3.29 (1/2H, each dd, Jeem=16.0
and J,.,1=4.9 Hz, the other of 2-H), 5.20 (1/2H, dd, J1-e=10.5
and 4.9Hz, 1-H), 5.32 (1H, dd, J1.»=8.8 and 6.0 Hz, 1-H), and
6.9—7.8 (20H, m, Ph); BCNMR (CDCls) 6=—2.24, —1.53
(each q, MePhsSi), 0.29 (q, MesSi), 45.24, 46.42 (each t, 2-C),
78.59 (d, 1-C), 125.71, 125.89, 127.71, 128.07, 128.30, 128.72,
130.01, 130.25, 134.66, 134.77 (each d, Ph), 138.25, 144.30,
144.60 (each s, 3-C and Ph), 170.13, and 170.54 (each s, 4-C);
MS m/z (rel intensity, %) 446 (M+—78, 23), 338 (32), 337 (base
peak), 231 (62), 152 (16), and 73 (22).

When the reaction mixture, obtained above after the
reaction with 1, was quenched with aqueous ammonium
chloride, a mixture of two stereoisomeric adducts 9 was
obtained in 57% yield after silica-gel column chromatog-
raphy.

Phenyl 2-Tributylstannyl-1-trimethylsilyl-1-propenyl
Sulfide (11) and Phenyl 2-Tributylstannyl-1-trimethylsilyl-
2-propenyl Sulfide (12). To a solution of anhydrous tin(I1I)
chloride (0.569 g, 3 mmol) in dry THF (5 ml) was added at
—10°C butyllithium (1.6 M in hexane, 5.6 ml, 9 mmol).
After 30 min at —10 °C, diethylaluminum chloride (2 M in
toluene, 1.5ml, 3 mmol) was added and stirring was
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continued for 15 min. Copper(I) cyanide (0.004 g, 0.005 mmol)
and 1 (0.22 g, 1 mmol) in THF (5ml) were added. The
mixture was stirred at —10 °C for 30 min and further 12 h at
room temperature. Quenching with dilute hydrochloric
acid was followed by extraction with diethyl ether (20 m1X2).
The combined extracts were dried over magnesium sulfate
and evaporated in vacuo. The residue was chromatographed
on silica gel by using hexane to give 11 (0.16 g, contaminated
by tetrabutyltin) and 12 (0.102g, 20%). Product 11 was
further purified by preparative TL.C (0,087 g, 17%).

11: Colorless liquid; IR (neat) 1248 and 839cm™1;
H NMR (CDCls) 6=0.09 (9H, s, MesSi), 0.6—1.7 (27H, m,
n-Bu), 2.25 (3H, s, Me), and 7.0—7.4 (5H, m, Ph); 3C NMR
(CDCls) 6=1.35 (MesSi), 11.94, 13.82, 27.59, 27.71, 29.36 (each
Me and n-Bu), 125.12, 126.48, 126.95, 128.60, 128.83, and
140.66 (each Ph and olefinic C); MS m/z (rel intensity, %) 455
(M+—57, 22), 453 (16), 345 (21), 343 (base peak), 342 (38), 341
(73), 340 (29), 339 (43), 229 (49), 227 (35), 225 (21), 111 (23),
and 97 (49). Found: C, 56.01; H, 8.85%. Calcd for
C24H44SSiSn: G, 56.36; H, 8.67%.

12: Colorless liquid; IR (neat) 1248, 854, and 841 cm1;
IH NMR (CDCls) 6=0.15 (9H, s, MesSi), 0.7—1.7 (27H, m,
n-Bu), 3.63 (1H, br s, 1-H), 5.15 (1H, dd, Jex=1.8 and
J31=0.6 Hz, one of 3-H), 5.88 (1H, dd, Jem=1.8 and
J3.1=0.6 Hz, the other of 3-H), and 6.9—7.3 (5H, m, Ph);
13C NMR (CDCls) 6=1.76 (q, MesSi), 11.24 (t, n-Bu), 13.82 (q,
n-Bu), 27.65, 29.24 (each t, n-Bu), 45.30 (d, 1-C), 125.30 (t,
3-C), 125.48, 128.01, 128.83 (each d, Ph), 139.19 (s, Ph), and
156.07 (s, 2-C); MS m/z (rel intensity, %) 455 (M*+—57, 57), 454
(24), 453 (45), 451 (23), 347 (23), 345 (24), 343 (base peak), 342
(38), 341 (75), 340 (29), 339 (43), 229 (43), 227 (32), 179 (23),
177 (26), 111 (22), and 73 (42). Found: C, 56.32; H, 8.78%.
Calcd for C24H44SSiSn: C, 56.36; H, 8.67%.

1-Phenyl-4-phenylthio-3-tributylstannyl-4-trimethylsilyl-3-
buten-1-01 (13). To asolution of anhydrous tin(II) chloride
(0.569 g, 3 mmol) in dry THF (5ml) was added at 0°C
butyllithium (1.6 M in THF, 5.6 ml, 9 mmol). Trimethyl-
aluminum (1 M in hexane, 3 ml, 3 mmol) was added after
30 min, stirring was continued at 0°C for 15min, and
copper(I) cyanide (0.004 g, 0.05 mmol) and 1 (0.22 g, 1 mmol)
in THF (5 ml) were added. After stirring at 0 °C for 1 h, the
addition of a solution of benzaldehyde (0.0318 g, 3 mmol) in
THF (2 ml) was followed. The mixture was stirred at 0°C
for 1.5 h, poured into dilute hydrochloric acid, and extracted
with diethyl ether (20 m1X3). The combined extracts were
dried over magnesium sulfate and evaporated in vacuo. The
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residue was chromatographed on silica gel with hexane-
ethyl acetate (20:1 v/v) to give 13 (0.155 g, 25%) as a single
isomer: Pale yellow liquid; IR (neat) 3450, 1590, 1480, 1255,
and 850 cm™!; tH NMR (CDCls) 6=0.12 (9H, s, MesSi), 0.83
(9H, t, J=7.0 Hz, n-Bu), 0.9—1.7 (18H, m, n-Bu), 1.92 (1H, d,
J=2.0Hz, OH), 2.82 (1H, dd, Jeem=13.0 and J>.,.=4.0 Hz, one
of 2-H), 3.10 (1H, dd, Jem=13.0 and J».,=10.7 Hz, the other of
2-H), 4.7—4.9 (1H, m, 1-H), and 7.0—7.5 (10H, m, Ph);
13C NMR (CDCls) 8=2.24 (q, MesSi), 13.00 (g, n-Bu), 13.88,
27.65, 29.41, 50.24 (each t, n-Bu and 2-C), 73.65 (d, 1-C),
125.42, 126.07, 127.19, 128.01, 128.95 (each d, Ph), 140.07,
144.60, 148.07 (each s, Ph and 3-C), and 181.30 (s, 4-C); MS
m/z (rel intensity, %) 573 (M+t—57, 28), 345 (25), 343 (base
peak), 342 (37), 341 (74), 339 (39), 229 (45), 227 (34), 79 (28),
and 73 (53). Found: C, 60.29; H, 8.08%. Calcd for
C31HsoOSSiSnZ C, 60.37; H, 8.17%.

References

1) S. Kanemasa, H. Kobayashi, J. Tanaka, and O. Tsuge,
Bull. Chem. Soc. Jpn., 61, 3957 (1988).

2) R. L. Danheiser, D. J. Carini, and A. Basak, J. Am.
Chem. Soc., 103, 1604 (1981); R. L. Danheiser, D. J. Carini, D.
M. Fink, and A. Basak, Tetrahedron, 39, 935 (1983).

3) G. Rourcelot and P. Cadiot, Bull. Soc. Chim. Fr., 1966,
3016.

4) M. Montury and J. Gore, Tetrahedron Lett., 21, 51
(1980).

5) D. Hoppe and F. Lichtenberg, Angew. Chem., Int. Ed.
Engl., 21, 372 (1882); R. Hanko and D. Hoppe, bud., 21, 372
(1980).

6) R.W.Hofifmann, Angew. Chem., Int. Ed. Engl., 21, 555
(1982).

7) Y. Yamamoto, H. Yatagai, Y. Saito, and K. Maruyam,
J. Org. Chem., 49, 1096 (1984); M. Yamaguchi and T.
Mukaiyama, Chem. Lett., 1982, 237.

8) Y. Okuda, Y. Morizawa, K. Oshima, and H. Nozaki,
Tetrahedron Lett., 25, 2483 (1984).

9) I. Fleming, J. H. M. Hill, D. Parker, and D. Waterson,
J. Chem. Soc., Chem. Commun., 1985, 318; W. Bernhard, 1.
Fleming, and D. Waterson, ibid,, 1984, 28; 1. Fleming and F.
Roessler, tbid., 1980, 276.

10) J. Hibino, S. Matsubara, Y. Morizawa, K. Oshima,
and H. Nozaki, Tetrahedron Lett., 25, 2151 (1984).

11) K. S. Kyler and D. D. Watt, J. Org. Chem., 46, 5182
(1981).




January, 1990] © 1990 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 63, 57—63 (1990) 57

Addition of a Sulfonamidyl Radical to Unsaturated Aromatic
and Aliphatic Hydrocarbons?
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The reaction of N-phenylsulfonyl-3,5-di-t-butylphenylaminyl radical (2) with unsaturated aromatic and
aliphatic hydrocarbons has been carried out in degassed benzene at 75 °C. The reactions of 2 with unsaturated
aromatic hydrocarbons gave 1:1, 1:2, and 2:1 adducts of 2 and the hydrocarbons in fair to good yields. On the
other hand, in the reactions of 2 with unsaturated aliphatic hydrocarbons, hydrogen-abstraction by 2 from the
hydrocarbons was the major reaction. In the reaction with 2-methylpropene, a product indicating the addition
of 2 to 2-methylpropene was isolated in a 16% yield. On the basis of these results the reactivity of 2 is discussed
and compared with that of structurally related N-(4-chlorophenylthio)-3,5-di-¢-butylphenylaminyl radical.

Sulfonamidyls (RSO2NR’) are interesting radicals in
connection with carboxyamidyl radicals (RCONR’).2
A variety of ESR spectroscopic investigations of
sulfonamidyls have been undertaken; the results
obtained have been indicative of a n-electronic ground
state for them.® However, in contrast to the deep
understanding of the electronic structures of sulfon-
amidyls, there are still few data regarding their chem-
ical reactivities (e.g., the hydrogen-atom abstraction
and the addition to double bonds).?

It was previously reported that the photolytic
rearrangement of t-BuNXSO:R (X=Cl, Br) and the
photolytic addition of MeNCISOzR to unsaturated
hydrocarbons proceeded via a free-radical-chain proc-
ess involving sulfonamidyl radicals as intermedi-
ates.>-”? However, the above reactions were light-
induced reactions, and the influence of the halogens
generated during photolysis can not be ignored. For
this reason, we have searched for a better method for
the generation of sulfonamidyl radicals. It has been
found that the hydrazine-like dimer (1) of sulfon-
amidyl 2 dissociates, upon heating to above 60 °C, into
2.9 By this method one can easily and cleanly generate
2 without the irradiation of light and the evolution of
halogens. In the present work we have carried out the
reactions of 2 with unsaturated aromatic and aliphatic

hydrocarbons in order to understand the chemical
reactivities of 2.

@ 50,1

60°C PhS0
N— 2 N-
PhsO, 20°C @
1 2
Results

The reactions of 2 with unsaturated hydrocarbons
were carried out by heating a mixture of 1 and an
unsaturated hydrocarbon in degassed benzene at 75 °C
for 16 h. After heating, the reaction mixtures were
analyzed on thin-layer chromatoplates, and the prod-
ucts formed were separated by column chromatog-
raphy. The results of the reactions are summarized in
Table 1.

The reaction of 2 with 1,1-diphenylethylene which
is one of the most reactive unsaturated hydrocarbons
for free radical additions was first examined. When 2
was allowed to react with 0.66 equiv of 1,1-diphenyl-
ethylene, the resulting reaction mixture gave 3, 4, and

Table 1. Results of the Reactions of 2 with Unsaturated Hydrocarbons?
Entry Hydrocarbon mmol ll\s/ (()ilrzgc;?{)lgn(;fz Products (%)»

1 1,1-Diphenylethylene 0.38 0.66 3 (76), 4 (11), 5 (12)

2 1,1-Diphenylethylene 5.5 9.5 3 (71), 4 (14), 5 (15)

3 Styrene 0.43 0.71 5(27), 6 (37) 7 (12), 8 (8)

4 Isopropenylbenzene 0.38 0.66 5 (38), 9 (20), 10 (7.5)

5 Isopropenylbenzene 6.2 10.6 5 (49), 9 (8. 2) 11 (26)

6 Acenaphthylene 0.38 0.66 5 (36), trans-13 (31), cis-13 (14)
7 Cyclohexene 0.40 0.68 5 (60), 8 (13), 14 (20)

8 Cyclohexene 9.9 17 5 (76), 14 (23)

9 1-Butene 5.5 9.5 5 (54
10 2-Methylpropene 6.1 11 5 (56), 8 (15), 15 (16), 16 (10)

a) Reaction conditions: 1 0.290 mmol (2 0.580 mmol); temperature, 75°C; time, 16 h. b) Isolated yields

based on 2.
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51in 76, 11, and 12% yields respectively. Products 3 and.

4 are 2:1 and 1:1 adducts of 2 and 1,1-diphenyl-
ethylene respectively, while 5 is a product derived from
hydrogen-atom abstraction by 2. Although 2 was also
treated with a large excess (9.5 equiv) of 1,1-
diphenylethylene, the results were almost the same as
above (see Table 1).

Ph
2+ _—

Ph

T /"

R—CHZ—(IZ~R + R—CH=C\ + NHSO,Ph

Ph Ph

3 4 5
A02Ph

R =N
~A

The reaction of 2 with styrene (styrene/2=0.71) gave
5 (27%), 6 (37%), 7 (12%), and 8 (8%). As has previously
been reported,® the formation of 8 involves an attack
of a 2 radical on the ortho position of the anilino
group of another 2 radical. When 2 was treated with a
large excess of styrene, the polymerization of styrene
took place and no adduct could be isolated from the
reaction mixture.

2 + —__\ 5 + R‘C%‘CH'R
Ph
6
/
+ R—CH=C>h + NHSO,Ph
A R
7 8
0.,Ph
R=N/5 2

2

The reaction of 2 with isopropenylbenzene gave
somewhat different results. When 2 was allowed to
react with 0.66 equiv of isopropenylbenzene, the
resulting reaction mixture gave 9 (20%), and 10 (7.5%)
as 1:1 adducts of 2 and isopropenylbenzene, along
with 5 (38%). On the other hand, when 2 was treated
with a large excess (10.6 equiv) of isopropenylbenzene,
the resulting reaction mixture gave 9 (8.2%) and 11
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(26%), along with 5 (49%). Product 11 is a 1:2 adduct
of 2 and isopropenylbenzene, as is shown by its
structure. No corresponding 1:2 adduct was found to
be formed in the reactions of 2 with the other un-
saturated hydrocarbons. Furthermore, we observed, in

the reaction of 2 with isopropenylbenzene, no forma-
tion of a 2:1 adduct (12).

CH, Me
/7 /
RCH7 G R-CH=G
Ph Ph
9 10

hllle //C H, hllle
R-C HT(I:—CHZ“C\ R—'CHZ—(IZ—R
Ph Ph Ph

n 12

0,Ph
R

The reaction of 2 with acenaphthylene gave two
kinds of 2: 1 adducts (13) of 2 and acenaphthylene in 31
and 14% yields respectively. In the !H NMR spectrum
of the major adduct, the two methine protons are
magnetically equivalent (6 6.43), while in that of the
minor adduct, the two methine protons are magnetical-
ly unequivalent and are absorbed at § 5.65 and 5.81 as a
singlet. From the NMR results, we assigned the major
adduct to a trans-isomer (trans-13) and the minor
adduct to a cis-isomer (cis-13), because steric repul-
sions between the two bulky R groups seemed to be
bigger in the cis-isomer than in the trans-isomer.

R R
H e ~illH
+
trans-13 cis13
/SOZPh
=N

As unsaturated aliphatic hydrocarbons, cyclohexene,
1-butene, and 2-methylpropene were examined.
When 2 was treated with 0.68 equiv of cyclohexene,
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the resulting reaction mixture gave 5, 8, and 14 in 60,
13, and 20% yields respectively. On the other hand,
when a large excess (17 equiv) of cyclohexene was
employed in the above reaction, the resulting reaction
mixture gave 5 and 14 in 76 and 23% yields
respectively.

The reaction of 2 with 1-butene gave 5 (54%) as the
only isolable product. The TLC analysis of the
reaction mixture gave two major spots. After the
column-chromatographic separation, one component
was found to be 5, while the other (oil) was shown by
the TH NMR spectrum to be a mixture of 8 and an
unknown compound. Since the unknown compound
could not be isolated, further experiments were not
done.

The reaction of 2 with 2-methylpropene afforded an
interesting product, 15. When 2 was allowed to react
with a large excess of 2-methylpropene, the resulting
reaction mixture gave 15 in a 16% yield, besides 5
(56%), 8 (15%), and 16 (10%). The formation of 15 can

2 + >= —_— 5 + 8

5Q,Ph
N
B0,ph

15

be accounted for as being derived from an intermediate
radical formed by the addition of 2 to the double bond
of 2-methylpropene, as will be described below (see
Scheme 4). The complex structure was established on
the basis of the IR, mass, and 'H and 13C NMR spectra.
In the IR spectrum, no N-H absorption was found
around 3200 cm~! and the mass spectrum gave a peak
due to M* at 744. The 'H NMR spectrum indicated
the presence of two di-f-butylanilino groups in
different surroundings, one phenylsulfonyl group,
two magnetically unequivalent methyl groups [8 1.02
(s), 1.30 (s)], two magnetically unequivalent methylene

Addition of a Sulfonamidyl Radical to Unsaturated Hydrocarbons 59

protons [8 2.99 (d), 3.95 (d), J=13.2 Hz], and three
olefinic protons [ 5.93 (dd), J=5.3 and 9.3 Hz; 6 6.00
(dd), J=5.6 and 9.3 Hz; 6 6.32 (d), J=5.6 Hz]. The
IBCNMR spectrum gave signals for 26 different
carbons (s 9, d 12, t 1, q 4) and supported the results
from the 'H NMR spectrum. Finally, the position to
which the N-phenylsulfonyl-3,5-di-¢-butylanilino
group links was unequivocally determined by the
IH-1H and 'H-13C spin-decoupling experiments, and
the structure was finally determined to be 15 (for the
full assignments, see Experimental section).

Discussion

The reactions of 2 with unsaturated aromatic
hydrocarbons gave 1:1, 1:2, and 2:1 adducts of 2 and
the hydrocarbons in fair to good yields; particularly, in
the reaction with 1,1-diphenylethylene the total yield

X
:<h / 2 )I(

2 ——— RCH{ — RCHy(R

&5 X \

3: X=Ph
6 X=H

/,
0
<

R-CH=

20N
T
+
[$)]

> >
won
T3

9 +10 + 5

n + 5

Scheme 2.
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of 1:1and 2:1 adducts attained to 85—87%. A general
mechanism accounting for the formation of the
adducts from the reactions of 2 with unsaturated
aromatic hydrocarbons is outlined in Schemes 1 and 2.
In any case, no formation of any adducts expected
from the addition of 2 to the substituted (head) end of
the double bonds was found.

The reaction of 2 with isopropenylbenzene gave
somewhat different results, as has been mentioned.
The reaction of 2 with 0.66 equiv of isopropenyl-
benzene gave only 1:1 adducts (9 and 10) of 2 and
isopropenylbenzene, while the reaction of 2 with a
large excess of isopropenylbenzene gave a 1:2 adduct
(11) of 2 and isopropenylbenzene, besides the 1:1
adduct 9. If the intermediate radical 17 reacts with 2, 9,
and 10 will be formed, but if it reacts with iso-
propenylbenzene, 11 will be formed. The above results
thus indicate that, in the latter reaction, 17 reacted
predominantly with isopropenylbenzene rather than
with 2.

The reaction of 2 with unsaturated aliphatic
hydrocarbons gave high yields (54—76%) of 5, indicat-
ing that hydrogen-abstraction by 2, probably from the
hydrocarbons, was the major reaction. However, in
the reaction with cyclohexene and 2-methylpropene,
compounds (14 and 15) containing a N-phenylsul-
fonyl-3,5-di-t-butylanilino group were isolated from
the reaction mixtures.

For the formation of 14, there are two possible
mechanisms (see Schemes 3a and b). If 14 is formed via
the pathways shown in Scheme 3b, the formation of 18

@_2_~©+5

14

Scheme 3a.

R
@

Scheme 3b.
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and 19 can also be expected, besides 14. A careful
inspection of the reaction mixture by TLC, however,
did not indicate the formation of such compounds.
Accordingly, we favor Scheme 3a as the mechanism to
account for the formation of 14.

The isolation of 15 i1s worthy of note. The
formation can be accounted for as being derived from
an intermediate radical 20 formed by the addition of 2
to 2-methylpropene (see Scheme 4); this indicates that

%_Z*Q‘;)

20

2 O SOZ\N
15 -

24

Scheme 4.

2 possesses the ability to add to some unsaturated
aliphatic hydrocarbons. Besides 15, the compounds 5,
8, and 16 were also isolated from the reaction mixture.
However, the compounds 21 and 22, which are isomers
of 15, and the compound 23, which is expected to be
formed from the aromatization of 24, were not found
in the reaction mixture. We assume that, although
these compounds might also be formed, their yields
were too low for them to be isolated. At present,
though, we can not clearly explain why only 15 was
formed in a relatively high yield.

R
R SOrn OZ‘N ><
22
21
S~ ZPh
N R
23
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Comparison of Reactivity with 25. The aminyl
radical 25 is structurally very similar to 2. We
previously reported the addition reactions of 25 to
unsaturated aromatic and aliphatic hydrocarbons,

e
25

such as 1,1-diphenylethylene, styrene, isopropenyl-
benzene, acenaphthylene, and 1-butene.? The aminyl
25 is highly stabilized by the conjugative delocaliza-
tion of the unpaired electron from the nitrogen to the
sulfur (-N-§-«>-N"-8"-)1 Thus, the hydrazine-
like dimer of 25 dissociates into 25 even at room
temperature. In contrast, 2 is not so highly stabilized
because of the inability of SOz to delocalize the
unapired electron.!d Thus, the dimer 1 showed no
dissociation into 2 at room temperature (it does
dissociate above 60 °C, as has been mentioned above).
Accordingly, it is likely that 2 is much more reactive
than 25. However, a previous work showed that 25,
like 2, added efficiently to unsaturated aromatic
hydrocarbons.? For example, the reaction with 1,1-
diphenylethylene gave a 2:1 adduct of 25 and
diphenylethylene in an 88% yield, while the reaction
with styrene gave 2:1 and 1:1 adducts of 25 and styrene
in 33 and 12% yields. From these results, we can say
that there is no essential difference between 2 and 25
regarding the addition to unsaturated aromatic hydro-
carbons.

A remarkable difference was, however, found in the
reactions with unsaturated aliphatic hydrocarbons. As
has been mentioned above, we isolated a product (11)
indicating the addition of 2 to the double bond of 2-
methylpropene. However, the reactions of 25 with
unsaturated hydrocarbons gave no evidence suggesting
the addition of 25 to unsaturated aliphatic hydro-
carbons.1? We assume that 25 is too highly stabilized
to add to unsaturated aliphatic hydrocarbons.

On the basis of the products formed in the reactions
of 2 with unsaturated hydrocarbons, we can conclude
that 2 possesses the ability to add to unsaturated
aliphatic hydrocarbons, as well as to unsaturated
aromatic hydrocarbons.

Experimental

The melting points were determined on a Yanagimoto
micro melting point apparatus and are uncorrected. The IR
spectra were run on a JASCO A-202 spectrophotometer. The
'H NMR spectra were taken with a JEOL PS-100 (100 MHz)
or JEOL GZX-400 spectrometer (400 MHz), while the
IBCNMR spectra were recorded with a JEOL FX-100
spectrometer (25 MHz). The chemical shifts are expressed in
ppm values (8) using Me4Si as the internal reference. The

Addition of a Sulfonamidyl Radical to Unsaturated Hydrocarbons 61

El-mass spectra were taken by direct insertion on a JEOL
D-300 or JEOL HX-100 spectrometer.

The dimer 1 was prepared by a previously reported
method.® Styrene, isopropenylbenzene, 1,1-diphenylethyl-
ene, acenaphthylene, and cyclohexene were purified by the
usual method prior to use.? 2-Methylpropene and 1-butene
were purified by trap-to-trap distillation. The column
chromatography (column size, 3.5X45 cm unless otherwise
noted) was performed on silica gel (Wako-gel C-200, 100—
200 mesh), using benzene as the eluent. The TLC analyses
were performed on Merck silica gel 60 Fass (eluent, benzene)
and Merck aluminium oxide 60 Fzs; plates (eluent, 1:1
benzene-hexane).

General Procedure for Reactions of 2 with Unsaturated
Hydrocarbons. A solution of the dimer 1 (200 mg, 0.290
mmol) and an unsaturated hydrocarbon (0.38—12 mmol) in
benzene (5.0 ml) was degassed by three freeze-pump-thaw
cycles and sealed in a glass tube. The sealed tube was then
immersed in a water-bath heated to 75°C for 16 h. The
reaction mixture was evaporated under reduced pressure,
and the resulting residue was chromatographed. In the case
of 1,1-diphenylethylene, the product 3 was isolated by
adding hexane (ca. 10 ml) to the residue. After the collection
of 3 by filtration, the filtrate was concentrated and the
residue was chromatographed to give 4 and 5. Compounds 5
and 8 were identified by means of their melting points and
their IR and 'H NMR spectra.3®

Reaction with 1,1-Diphenylethylene. A reaction with
69 mg (0.38 mmol) of 1,l-diphenylethylene gave 191 mg
(0.22 mmol, 76%) of 3, 33 mg (0.063 mmol, 11%) of 4, and
24 mg (0.070 mmol, 12%) of 5. Also, a reaction with 1.00 g
(5.5mmol) of 1,1-diphenylethylene gave 180 mg (0.207
mmol, 71%) of 3, 42 mg (0.080 mmol, 14%) of 4, and 29 mg
(0.084 mmol, 14%) of 5. The melting points and spectral
data for 3 and 4 were reported in a previous paper.®

Reaction with Styrene. A reaction with 43 mg (0.41
mmol) of styrene gave 31 mg (0.070 mmol, 12%) of 7, 16 mg
(0.023 mmol, 8%) of 8, 85 mg (0.107 mmol, 37%) of 6, and
54 mg (0.16 mmol, 27%) of 5.

N,N’-Bis(3,5-di-t-butylphenyl)- N, N’-bis(phenylsulfonyl)-
1-phenylethylenediamine (6): colorless prisms; mp 183—
185 °C (crystallized from methanol); IR (KBr) 2950—2850 (-
Bu), 1350 and 1165 cm~! (SOz2); 'H NMR (CDCls) 6=1.11 (s,
t-Bu, 18H), 1.18 (s, ¢t-Bu, 18H), 3.80 (dd, J=6 and 13 Hz,
N-CHH, 1H), 4.21 (dd, J=10 and 13 Hz, N-CHH, 1H), 5.20
(dd, J=6 and 10 Hz, N-CH, 1H), 6.25—7.58 (m, aromatic,
21H). Found: C, 72.58; H, 7.61; N, 3.59%. Calcd for
CasHeoN204Ss: C, 72.69; H, 7.63; N, 3.53%.

N-(3,5-Di-t-butylphenyl)- N-(phenylsulfonyl)-2-phenyl-
ethenamine (7): colorless prisms; mp 130—132 °C (crystal-
lized from hexane); IR (KBr) 2950—2850 (¢-Bu), 1630 (C=C),
1355 and 1170 cm™! (SOg); MS (30 eV) m/z (%) 447 (38, M+),
306 (100); 'TH NMR (CDCls) 6=1.26 (s, t-Bu, 18H), 5.29 (d,
J=13 Hz, olefinic, 1H), 6.74—7.84 (m, olefinic and aromatic,
12H). Found: C, 75.58; H, 7.70; N, 2.97%. Calcd for
CasH3sNOsS: C, 75.13; H, 7.43; N, 3.13%.

Reaction with Isopropenylbenzene. A reaction with
44.8mg (0.38 mmol) of isoproenylbenzene gave 20 mg
(0.044 mmol, 7.5%) of 10, 55 mg (0.118 mmol, 20%) of 9, and
77 mg (0.223 mmol, 38%) of 5, while a reaction with
727 mg (6.15 mmol) of isopropenylbenzene gave 102 mg of 9
and 11 (mixture) and 98 mg (0.28 mmol, 49%) of 5, along
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with 22 mg of an unknown compound (not pure). The
molar ratio of 11/9 in the mixture was determined to be 5.0
from the integrated 'H NMR spectrum of the mixture. This
indicates that there were 14 mg (0.030 mmol, 5.2%) of 9 and
88 mg (0.15mmol, 26%) of 11 in the mixture. The
crystallization of the mixture from methanol gave pure
crystals of 11.

N-(3,5-Di-t-butylphenyl)- N-(phenylsulfonyl)-2-phenyl-2-
propenamine (9): colorless needles; mp 109—110°C (crys-
tallized from hexane); IR (KBr) 2950—2850 (¢-Bu), 1630
(C=C), 1350 and 1165 cm=! (SOg); MS (30eV) m/z (%) 461
(100, M%), 358 (54), 320 (62); 'H NMR (CDCls) 6=1.12 (s,
t-Bu, 18H), 4.60 (s, CHs, 2H), 4.97 (s, olefinic,. 1H), 5.18 (s,
olefinic, 1H), 6.44—7.52 (m, aromatic, 13H). Found: C,
75.19; H, 7.60; N, 3.30%. Calcd for C29H3sNO.S: C, 75.45; H,
7.64; N, 3.03%.

N-(3,5-Di-t-butylphenyl)- N-(phenylsulfonyl)-2-phenylpro-
penamine (10). This compound was isolated as a viscous
oil and did not crystallize from any solvent used. IR (neat)
2950—2850 (¢-Bu), 1635 (C=C), 1350 and 1160 cm~! (SO2);
IH NMR (CDCls) 6=1.13 (s, t-Bu, 18H), 1.88 (d, J=1.5Hz,
Me, 3H), 6.44 (q, J=1.5 Hz, olefinic, 1H), 6.88—7.61 (m,
aromatic, 13H).

N-(3,5-Di-t-butylphenyl)- N-(phenylsulfonyl)-2,4-diphenyl-
2-methyl-4-pentenamine (11): colorless prisms; mp 117—
119°C; IR (KBr) 2950—2850 (¢-Bu), 1620 (C=C), 1340 and
1160 cm™! (SO2); TH NMR (CDCls) 6=1.10 (s, t-Bu, 18H),
1.29 (s, Me, 3H), 2.73 (d, J=14Hz, CHH, 1H), 2.90 (d,
J=14Hz, CHH, 1H), 3.65 (d, J=14 Hz, CHH, 1H), 3.89 (d,
J=14Hz, CHH, 1H), 4.68 (br. s, olefinic, 1H), 5.06 (d,
J=2Hz, olefinic, 1H), 6.41—7.33 (m, aromatic, 18H);
13C NMR (CDCls) 6=22.4 (q), 31.2 (q), 34.6 (s), 44.0 (s), 46.9
(t), 61.5 (t), 117.7 (1), 121.1 (d), 123.5 (d), 125.7 (d), 126.6 (d),
126.9 (d), 127.5 (d), 127.8 (d), 128.2 (d), 128.5 (d), 132.2 (d),
138.4 (s), 139.7 (s), 143.6 (s), 144.5 (s), 145.7 (s), 150.6 (s).
Found: C, 78.54; H, 7.65; N, 2.65%. Calcd for CssHssNOsS:
C, 78.71; H, 7.82; N, 2.42%.

Reaction with Acenaphthylene. A reaction with 57 mg
(0.38 mmol) of .acenaphthylene gave 73 mg (0.087 mmol,
31%) of trans-13, 35 mg (0.042 mmol, 14%) of cis-13, 72 mg
(0.21 mmol, 36%) of 5, and 24 mg of an unknown compound.

trans-N,N’-Bis(3,5-di-t-butylphenyl)-N,N’-bis(phenylsul-
fonyl)-1,2-diaminoacenaphthene (trans-13): colorless plates;
mp 233—236°C (decomp) (crystallized from benzene-
hexane); IR (KBr) 2950—2850 (¢-Bu), 1350 and 1160 cm—!
(SOz); 'HNMR (CDCls) 6=1.03 (s, t-Bu, 36H), 6.43 (s,
N-CH, 2H), 6.84—7.99 (m, aromatic, 22H). Found: C, 74.17;
H, 716, N, 336% Calcd for C52H60N20452C C, 7‘1’25, H, 719,
N, 3.33%.

cis-N,N’-Bis(3,5-di-t-butylphenyl)-N,N’-bis(phenylsulfonyl)-
1,2-diaminoacenaphthene (cis-13): slightly yellowish plates;
mp 163—165°C (decomp) (crystallized from hexane); IR
(KBr) 2950—2850 (¢-Bu), 1350 and 1160 cm=! (SOg); 'TH NMR
(CDCls) 6=1.04 (s, t-Bu, 36H), 5.65 (br s, N-CH, 1H), 5.81 (br
s, N-CH, 1H), 6.32—7.83 (m, aromatic, 22H). Found: C,
74.14; H, 7.31; N, 3.31%. Calcd for Cs2HeoN204Se: C, 74.25;
H, 7.19; N, 3.33%.

The Unknown Compound: slightly yellowish micro-
needles; mp 215—217°C (decomp) (crystallized from hex-
ane); IR (KBr) 3400 (NH), 2950—2850 (t-Bu), 1340 and
1170 cm™! (SO2). Found: C, 79.06; H, 7.83; N, 3.95%. In an
acidic CHCl3 solution this compound turned into a red
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compound with a mp of 181—183 °C.

Reaction with Cyclohexene. A reaction with 811 mg (9.9
mmol) of cyclohexene gave 57 mg (0.134 mmol, 23%) of 14
and 152 mg (0.440 mmol, 76%) of 5, while a reaction with
33 mg (0.40 mmol) of cyclohexene gave 75 mg of 8 and 14
(mixture) and 120 mg (0.347 mmol, 60%) of 5 (column size,
3.5X10cm). The molar ratio of 14/8 in the mixture was
determined to be 3.0 from the integrated 'H NMR spectrum
of the mixture. From this value, the amounts of 8 and 14
were calculated to be 26 mg (0.038 mmol, 13%) and 49 mg
(0.12 mmol, 20%) respectively.

N-(3,5-Di-t-butylphenyl)-N-(phenylsulfonyl)-2-cyclohexen-
ylamine (14): colorless needles; mp 134.5—136 °C (crystal-
lized from hexane); IR (KBr) 2950—2850 (¢-Bu), 1645 (C=C),
1340 and 1165 cm™! (SOg); H NMR (CDCls) 6=1.21 (s, ¢-Bu,
18H), 1.43—1.71 [m, (CHz)s, 6H], 4.96 (br s, N-CH, 1H), 5.56
(br d, J=11 Hz, olefinic, 1H), 5.61 (br d, J=11 Hz, olefinic,
1H), 6.77—7.77 (m, aromatic, 8H). Found: C, 73.12; H, 8.16;
N, 3.51%. Calcd for CasHssNO2S: C, 73.37; H, 8.29; N, 3.29%.

Reaction with 1-Butene. A reaction with 310 mg (5.5
mmol) of 1-butene gave 109 mg (0.315 mmol, 54%) of 5 as an
isolable product.

Reaction with 2-Methylpropene. A reaction with 340 mg
(6.1 mmol) of 2-methylpropene gave 15mg (0.030 mmol,
10%) of 16, 30 mg (0.044 mmol, 15%) of 8, 34 mg (0.046 mmo],
16%) of 15, and 112 mg (0.323 mmol, 56%) of 5.

2-(3,5-Di-t-butylphenyl)-5-[ N-(3,5-di-t-butylphenyl )-N-
phenylsulfonyllamino-4,4-dimethyl-3,4,4a,5-tetrahydro-2H-
benzo[e]thiazine 1,1-Dioxide (15): colorless needles; mp
196—197 °C (crystallized from methanol); IR (KBr) 2950—
2850 (t-Bu), 1160 cm~1 (SO2); EI-MS (70 eV) m/z (%) 744 (M,
1) 399 (100), 345 (80), 330 (80), 217 (72), 57 (45); 'H NMR
(CDCls) 6=1.02 (s, Me, 3H), 1.21 (s, ¢-Bu, 18H), 1.28 (s, t-Bu,
18H), 1.30 (s, Me, 3H), 2.99 (d, J=13.2 Hz, H. or H,, 1H), 3.38
(br s, He, 1H), 3.95 (d, J=13.2 Hz, H. or H,, 1H), 5.31 (dd,
J=1.5 and 5.3 Hz, Hq4, 1H), 5.93 (dd, J=5.3 and 9.3 Hz, H.,
1H), 6.00 (dd, J=5.6 and 9.3 Hz, H;, 1H), 6.32 (d, J=5.6 Hz,
H,, 1H), 6.77 (d, J=2.0 Hz, 0-H of the anilino group, 2H),
7.03 (d, J=2.0 Hz, o-H of the anilino group, 2H), 7.28—7.30
(m, p-H of the anilino group, 2H), 7.44—7.72 (m, SO2Ph,
5H); 3C NMR (CDCls) 6=19.2 (q), 23.9(q), 31.2(q), 31.4 (q),
34.7 (s), 34.9 (s), 40.7 (s), 49.9 (d, CH.), 52.8 (d, CHu), 64.9 (t,
CH.H,), 121.0 (d), 121.5 (d), 122.8 (d), 123.2 (d), 124.4 (d),
126.5 (d), 127.7 (d), 128.7 (d), 128.9 (d), 132.7 (d), 133.9 (s),
135.5 (s), 139.8 (s), 140.9 (s), 150.9 (s), 151.7 (s). Found: C,
70.89; H, 8.12; N, 3.70%. Calcd for CssHeoN2S204: C, 70.93;
H, 8.12; N, 3.76%.

Hg
He S0,
“N
HC Ha
He ™
N Hq Me Me
\
SO,Ph

N, N-Bis(phenylsulfonyl)-3,5-di-t-butylaniline (16): color-
less needles; mp 160—162 °C (crystallized from hexane); IR
(KBr) 2950—2850 (t-Bu), 1380 and 1170 cm~! (SOg); MS
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(30 eV) m/z (%) 485 (M™, 52), 470 (21), 358 (18), 344 (20), 288
(62), 125 (100); *H NMR (CDCls) 6=1.22 (s, t-Bu, 18H),
6.74—8.01 (m, aromatic, 13H). Found: C, 64.17; H, 6.44; N,
2.54%. Calcd for CesHs1NO4S2: C, 64.30; H, 6.43; N, 2.88%.
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One Pot Synthesis of Substituted Tropones from 7,7-Dihalo-
2,3-(or 3,4-)epoxybicyclo[4.1.0]heptane Derivatives

Masahiko KaTo,* Shigeyuki YamamoTo, Shigeki Nomura, and Toshio Miwa
Faculty of Science, Osaka City University, Sugimoto-3, Sumiyoshi-ku, Osaka 558
(Received June 7, 1989)

In order to obtain a scope and limitations of the reaction for newly developed tropone synthesis, some
substituted 2,3- and 3,4-epoxy-7,7-dihalobicyclo[4.1.0]heptanes have been prepared and treated with several
acids. We found that (1) the epoxy-carbons of starting materials should have, at least, one substituent which
may stabilize the carbenium ion formed by cleavage of the epoxide with acid, (2) as halogens in the starting
materials, bromine is superior to chlorine, (3) use of 20 molar equivalent of TFA to a substrate in chloroform at
refluxing temperature or use of each 5 molar equivalent of TCA and water to a substrate in toluene at 100 °C is

recommended.

Since Birch and Parham et al. reported independent-
ly the synthesis of substituted tropones, phenols, and
alkyl phenyl ethers have been used as starting
materials for the synthesis of many kinds of substituted
tropones.1-? On the other hand, specifically functional-
lized tropones have been prepared via [4+2] or [4+3]
cycloadditions of dienes to elaborated dienophiles in
short pathway.®

In a short communication, we have described a
novel synthetic procedure for 4,5-annelated tropones
(1), in which the epoxides (2), obtained by oxidation of
the adducts (3) of 7,7-dibromo-3,4-bis(methylene)bi-
cyclo[4.1.0]heptane (4) to dienophiles, were treated
with trifluoroacetic acid (TFA).? Fukazawa et al. have
recently reported the synthesis of 1,11-0-benzeno[2]-
orthocyclo[2](4,5)troponophanes by similar treatment
of elaborated epoxides.”

a X=Cl, b X= Br
1
Ry R, iRy
X2 + :H: —_— - x2 o
~ R R PR
4 3 3
4

A: R1=R4=H; RZ_RE!: 0-C0-0

B: R;=Ry=H; R,=Ry= COOCH,
g
e COOCH
2 d —_— 0
™R
R 3 COOCH
3
4
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2B (= 25) 1B (trans = 26)
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—_— 0 pZ
=<<::::H::> “Ph
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z
e P\Ph
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In order to extend our synthetic method of 4,5-
annelated tropones to that of simply substituted

tropones, several substrates, substituted 3,4-(or 2,3-)-
epoxy-7,7-dihalobicyclo[4.1.0]heptanes, were synthe-
sized starting from either substituted 1,4-dihydroben-
zenes, which are obtainable by Birch reduction of
aromatic hydrocarbons, or 1,2-dihydrobenzene deriva-
tives. These compounds are successively treated with
dihalocarbene and m-chloroperbenzoic acid (mCPBA)
or treated inversely with these reagents.

Using these substrates, we studied how the yields of
tropones will be affected by the change of the reaction
conditions and of the functionality of the starting
materials.

Banwell et al. have reported a new synthetic method
for halotropones by the allylic oxidation of 7,7-
dihalobicyclo[4.1.0]hept-2(or 3-)enes, in which the
oxidized allylic carbon is transformed to a carbonyl
carbon and one of halogens of the starting materials
remains unchanged.® On the other hand, one of the
special features of our method is that the dihalo-
methylene carbon is transformed to the carbonyl
carbon of tropones.

Results and Discussion

Epoxidation of y-terpinene (5) gave two epoxides,?
in which one with higher R¢-value was confirmed to
be 4,5-epoxy-1-isopropyl-4-methyl-1-cyclohexene (6)
and the other with lower one was to be 4,5-epoxy-4-
isopropyl-1-methyl-1-cyclohexene (7) by the result of
IH NMR spectra with use of Sievers’ shift reagent.”

Dihalocarbene addition® to these epoxides 6 and 7
gave the corresponding dihalo-epoxy-bicyclo[4.1.0]-
heptanes 8 and 9, respectively. The stereochemistry of
the epoxides to the dihalomethylene carbon was
established to be the ant configuration (10) by the
examination of the coupling constants of methine
protons to the adjacent methylene protons.?

The anti stereochemistry (11C) of 7,7-dibromo-2,3-
epoxy-3-isopropyl-6-methylbicyclo[4.1.0]heptane (11)
was also established by the 'H NMR spectra in the
absence or presence of the Sievers’ shift reagent (see
Experimental).

Trifluoroacetic Acid as Reagent on 7,7-Dibromo-
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3,4-epoxy-1,3-dimethylbicyclo[4.1.0]heptane (12).19
The application of the above mentioned synthetic
method to that of simply substituted tropones was
examined with dimethyl derivative 12. Though the
yields were rather low, use of 20 equivalent moles of
TFA to the equivalent mole of the substrate in chloro-
form gave tropone 13 with the best result. Toluene is
the next choice as solvent but polar ones such as
acetonitrile were unsatisfactory (Table 1).

N N . e, te ® e The Position of Epoxides and the Substitution
Br2<© BPg{j:-O OQ Pattern in the Starting Epoxides. The position of
we’ X epoxide in the bicyclo[4.1.0]heptane moiety is not
1 12 13 X=H limited to the 3,4-position. When 7,7-dibromo-2,3-
1o e epoxy-3-isopropyl-6-methylbicyclo[4.1.0]heptane (11)
was dissolved in TFA at 0—5 °C, a dark red solution
e R, e e e was obtained. Its spectral data show clearly the
X OQ b formation of bromotropylium cation (14b)!? in satis-
i-Pr Ry & factory yield. Prolonged heating of 11 with TFA in
14 15 R)= i-Pr, Ry= Me 16 o chloroform gave a fair yield of 2-methyl-5-isopropyl-
29 Ry= Me, Ry= i-Pr tropone (15). Whereas, 7,7-dibromo-2,3-epoxybicyclo-
[4.1.0]heptane (16) and 7,7-dibromo-1,6-dimethyl-3,4-
e 0—coo ocH, epoxybicyclo[4.1.0]heptane (17)1® gave no tropone
o @0 . " 6" derivatives at all under the same conditions (TFA-
2 2 ) A oo { chloroform). In the former case, benzylidene dibromide
He oH o CooCH;  was an isolable product (70%).
v 27 2 Comparison between Several Reagents Using 7,7-
Table 1. The Reaction Conditions and Yields for the Formation
of 2,4-Dimethyltropone 13 from 12
Entry Reagent?/equiv Solvent Temperature/°C Time/h Yield/ %>
1 TFA 20 Nil 72 16 19
2 TFA 10 CHCls Reflux 21 27
3 TFA 20 CHCl3 Reflux 20 32
4 TFA 20 CHi:CN 80 20 8.5
5 TFA 20 Benzene 80 20 14
6 TFA 20 Toluene 110 20 20
7 TFA 200 CHCl3 Reflux 24 18
8 PPA excess Nil 80 20 —

a) TFA=trifluoroacetic acid; PPA=polyphosphoric acid. b)Isolated yields of 13. c) Added silica gel in catalytic

amount as a catalyst.

Table 2. The Yields of Tropone 15 Obtained from 9a under Different Acid Conditions

Entry Reagent acid pK. Acid used? Solvent Temperature/°C Time/h  Yield/%
1 CH:CICOOH? 2.9 5 Toluene 100 4 14.7
CHCI:COOH? 1.3 5 Toluene 100 4 71
3 CCL,COOH® 0.7 1 Toluene 100 4 18.7
4 CClsCOOH? 0.7 3 Toluene 100 4 42.7
5 CClI;:COOH? 0.7 5 Toluene r.t.9 23 48.1
6 CCIz.COOH? 0.7 5 Toluene 100 4 73.2
7 CF:COOH 0.2 5 Toluene 70 4 43.8
8 98%HCOOH 3.7 20 Dioxane Reflux 4 23.5
9 CCl13COOHY 0.7 5 Dioxane Reflux 4 20.5
10 p-TsOH =7 5 Dioxane Reflux 4 15.0
11 35% HCl =7 5 Dioxane Reflux 4 28.2
12 60% HC1O4 —10 5 Dioxane Reflux 4 40.7
13 CH3SOsH =7 5 CH3:CN Reflux 22 18.3

a) Acid used is shown in equivalent moles per mole of 9a. b) Isolated yields are shown. c¢) r.t.=room temperature.
d) Equivalent molar amount of water to the anhydrous acid is present.
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Dichloro-3,4-epoxy-1-methyl-4-isopropylbicyclo[4.1.0]-
heptane (9a) as a Substrate. As a case of dichloro-
derivatives as the starting materials, we studied the
tropone synthesis from an epoxide (9a) using several
acids as a reagent and obtained 15 in a variety of yields
as shown in Table 2. Trichloroacetic acid (TCA) was
selected as a standard reagent to determine the pref-
erable amount of reagents to be used in the reaction
(Entries 3—6). As a result, the use of five equimolar
amounts of wet TCA (see the next section) to the
starting epoxide in toluene at 100°C gave the best
result of all. The same acid in dioxane under similar
conditions gave a lower yield of tropone 15 (Entry 9).
With wet dichloroacetic acid (DCA), 9a gave 15in 71%
yield, almost the same as that obtained with TCA.
With wet monochloroacetic acid (MCA), it gave 15 as
low as 15% yield. Treatment of 9a with TFA in
toluene at 70 °C gave a rather low yield of tropone but
better than that with TFA in chloroform (Tables 3
and 4). Owing to their low solubilities in toluene,
aqueous acids and sulfonic acids were used in dioxane,
instead of toluene, but the results were unfavorable for
obtaining 15. Thus, we obtained reasonable results
with wet DCA or TCA in toluene at 100 °C for 4 h.

It should be mentioned here that, when epoxide 12
was refluxed in dichloromethane in the presence of
concd sulfuric acid, 5-bromo-2,4-dimethyltropone (18)
was obtained in a fair yield. Itis reasonable to assume
that the tropone 18 may be formed via a conjugated
enone 20 through oxidation of allylic sulfate 19
(Scheme 1). The formation of 4-chlorotropone from
7,7-dichloro-4-hydroxybicyclo[4.1.0]hept-2-ene by oxi-
dation has recently been reported.®

The Effects of Water Present in the Reaction
Mixture. We also studied the effects of water upon
the yield of tropone because this reaction may contain
dehydration and hydrolysis steps as shown in Scheme

1, Mes s - Me
12 2774,
0" HS0,
~HBr
— 18

Scheme 1.
-H,0,
u* +Rl _nt Rl x Rl
Q —— )(2 —-.XZ — -
(1) 5 ToH (2) " (3) X
2 2 R,
SR OR N G

Scheme 2.
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2.

Curves A and B (Fig. 1) show the relationship
between the yields of tropone 15 and the amounts of
added water when the equivalent mole of 9a and 5
equivalent moles of TCA are heated at 100°C with
appropriate amounts of water in toluene for 4 h. The
difference between the curves A and B depends on the
timing of the addition of water. From these curves, it
is clear that the yield is very low (28%) under anhy-
drous conditions, and this is gradually improved as the
increase in the amount of added water until it reached
to the maximum (74%) at 5 equivalent moles to the
starting material. The curve B showed constantly
lower yields by ca. 15% than the curve A.

It has been shown that TCA exists in a bimolecular
association form (21) in benzene (Kam=25) at the
concentration higher than 0.7 mol dm-3.12.19 Because
it is assumed that the behavior of TCA in toluene will
be almost the same as that in benzene, the low
reactivity under the anhydrous conditions may be
attributed to the lowered acid strength of TCA by
bimolecular association. As the increase in the
amount of water, the epoxide may be effectively
protonated by the cooperative action of water and
dimeric TCA to give tropone 15 in the improved yields
(Scheme 3). Epoxides of cyclic olefins are generally
cleaved mostly in the trans sense by carboxylic acids to
give trans-diol monoacylates,'¥ but, in the special

100
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Fig. 1. The effect of added water on the yield of

tropone 15. Curve A and B: starting from 9a and
TCA as reagent. Timing of addition; A, at the start
of reaction. B, after heating for 1 h. Curve C: start-
ing from 9b and TFA as reagent.
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cases as trans- and cis-stilbene oxides, cis-opening
becomes dominant and gives mainly one of the
diastereomers of diol monotrichloroacetates by the
reaction with anhydrous TCA.12 In our case, the
lowered yields by 15% obtained when water was added
after initial heating of the epoxide with anhydrous
TCA for 1h suggest that the epoxide may open the
ring in part to a cis-diol monotrichloroacetate (23),
which forms an intramolecular cyclic semi-orthoester,
dioxolanol (24).19 This compound seems to be fairly
stable to dehydration and the remaining trans-diol
part in epoxide-opening could give the tropone 15.

Using the bromide (9b) as a substrate and TFA as a
reagent, the yields of 15 were not altered in the absence
or presence of water (curve C) (Fig. 1).

This fact may be explained by the tendency of the
existence of TFA as a monomer-solvent complex in
dilute benzene solution or a monomer-dimer equilib-
rium in nonpolar aprotic solvents'® and by the general
tendency of opening epoxides to trans-diol mono-
trifluoroacetates, which can not form any stable
dioxolanol rings (Scheme 4).

The Effects of the Species of Halogens in the
Starting Material. Although 7,7-dibromo-3,4-epoxy-
4-isopropyl-1-methylbicyclo[4.1.0]heptane (9b) gave

cCl
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23 (cis) 24

Scheme 4.
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high yield of 15 with either TFA or wet TCA, the
corresponding dichloride (9a) gave a lower yield of 15
with TFA but gave a higher yield (73%) with wet TCA
in toluene at 100 °C. The formal exchange of methyl
and isopropyl groups in 9a and 9b forms 8a and 8b,
respectively. With these compounds, similar results to
those of 9a and 9b were obtained. Whereas, an epoxide
of 1,1-dibromo-1a,2,3,4,5,6,7,7a-octahydro-1H-cyclo-
propa[ b Inaphthalene-4,5-trans-dicarboxylic ester (25b)
gave a fair yield of tropone 26 with TFA, but the
corresponding dichloro derivative (25a) gave 26 in very
low yield making use of either acid (Table 3). When
this chloride 25a was treated with DCA-water (in the
molar ratio of 1:1) in toluene at 100 °C for 24 h, it gave
a crystalline lactone (27a) in 50.4%. This may be
formed from 25a through opening of the epoxide by
protonation on carbonyl and lactonization (see 28)
followed by the attack of water to the carbonium ion
formed. With use of TCA on 25a, the same lactone 27a
was also characterized by tH NMR, which might resist
the introduction of two double bonds in the norcarane
moiety and, hence, might retard the formation of a
tropone ring.

Conclusion

From the above described experiments, in order to
obtain tropones in high yields, the structures of the
starting epoxy-7,7-dihalobicyclo[4.1.0]heptene deriva-
tives and the reaction conditions to be selected may be
as follows: (1) The epoxy carbons of the starting
materials should have, at least, one substituent which
may stabilize carbenium cations. (2) In most cases,
7,7-dibromonorcarene epoxides gave better yields than
the corresponding dichloro derivatives. (3) Epoxides
in either position, 2,3 or 3,4, of the norcarane moiety
gave reasonable yields of tropones. (4) It is worth-
while trying both TFA in chloroform and wet TCA (or
DCA) in toluene as reagents. To use TCA (or DCA) in

Table 3. Variation in the Yields of Tropones Caused by the Changes
of Halogen Species in the Starting Materials

S.M.? Reagent acid Acid used? Solvent Temperature Reaction time/h (;2(;31/102)6)
8a TFA® 20 CHCls Reflux 24 29 (26)
TCA® 59 Toluene 100°C 4 29 (32)
TCA 59 Toluene 100°C 7 29 (43)
8b TFA 20 CHCls Reflux 24 29 (62)
TCA 59 Toluene 100°C 4 29 (74)
9a TFA 20 CHCIs Reflux 24 15 (29)
TCA 59 Toluene 100°C 4 15 (73)
9b TFA 20 CHCls Reflux 24 15 (80)
TCA 59 Toluene 100°C 4 15 (83)
25a TFA 20 CHCls Reflux 24 26 (6.3)
TCA 59 Toluene 100°C 4 26 (7.7)
TCA 59 Toluene 100°C 24 26 (6.6)
25b TFA 20 CHCls Reflux 24 26 (42)

a) S.M.= starting material. b) Acid used is shown in equivalent moles per mole of S.M. c) Isolated yield. d) Five
equivalent moles of water to S.M. is added. e) TFA=trifluoroacetic acid. TCA=trichloroacetic acid.



68 Masahiko Kato, Shigeyuki Yamamoro, Shigeki Nomura, and Toshio Miwa

toluene, the water content in the reaction mixture is
important. Use of each 5 molar amount of acid and
water to one molar amount of the substrates at the start
of the reaction is recommended. (5) Reactions in less
polar aprotic solvents gave better yields than those in
more polar aprotic ones.

Experimental

General Procedure. The NMR spectra were taken on
JEOL Models GX 400 (1H; 400 MHz, 3C; 100 MHz), FX 100
(1H; 100 MHz, 13C; 25 MHz), or a Hitachi Model R-90H (1H;
90 MHz) Ft-NMR spectrometer. Deuteriochloroform was
used as solvent in every case unless otherwise specified. The
IR spectra were recorded on a JASCO Model A-102
spectrometer and the UV on a Hitachi Recording spectrom-
eter Model 323. The yields shown in Tables 1—3 and Fig. 1
are the isolated ones under the procedure described below.

7,7-Dibromo-3,4-bis(methylene)bicyclo[4.1.0]heptane (4b).
To an ice-cooled solution of triphenylphosphine (9.32 g,
35.6 mmol) in chlorobenzene (50 mL) was added dropwise
bromine (6.54g, 40.9 mmol) in chlorobenzene (50 mL).1?
After stirring for 50 min, the reaction mixture was warmed to
120°C and then anti-4,4-dibromo-9-oxatricyclo[5.3.0.08:5]-
decane!® (10.0 g, 33.9 mmol) was added in one portion to the
mixture: The mixture was stirred at 120 °C for 2 h and then
cooled. After dilution with chloroform, it was washed
successively with 5% aqueous sodium hydrogencarbonate
and saturated brine and then dried. After concentration, the
product was separated with column chromatography (silica
gel/benzene), and purified by recrystallization. anti-[3,4-cis-
Bis(bromomethyl)]-7,7-dibromobicyclo[4.1.0]heptane. Color-
less crystals, 13.4 g (95.6%). Mp 98.0—98.5°C. IR (Nujol
mull) vmx: 1440, 1334, 1236, 1210, 1022, 860, 756, 708,
684 cm™!. 'H NMR (100 MHz) 6=3.20—3.50 (4H, m), 1.60—
2.40 (8H, m). Found: C, 24.30; H, 2.68%. Calcd for CoH12Br4:
C, 24.58; H, 2.75%.

From syn-4,4-dibromo-9-oxatricyclo[5.3.0.03-5]decane (7.0
g, 23.6 mmol), the syn-[3,4-cis-bis(dibromomethyl)] deriva-
tive was obtained as an oil in 86% yield under the same
conditions. IR (lig. film) vms: 1442, 1292, 1242, 1224, 1066,
750, 728, 684 cm~1. 1H NMR (100 MHz) 6=3.18—3.50 (4H,
m), 1.20—2.42 (8H, m).

To an ice-cooled solution of the anti-(or syn-)[3,4-cis-
bis(bromomethyl)] derivative (8.55 g, 19.4 mmol) dissolved
in anhydrous tetrahydrofuran (THF) was added potassium
t-butoxide (5.13 g, 45.7 mmol) in several portions and the
mixture was stirred at room temperature for 4 h. Inorganic
precipitates were filtered off and the filtrate was concentrated
to dryness. The residue was taken in ether and insoluble
materials were again filtered. The ether solution was washed
successively with water and saturated brine and then dried.
After evaporation of the solvent, the product was purified
with chromatography (silica gel/hexane) to give bis(methyl-
ene) derivative (4b) as a colorless oil (40—50% yield). Be-
cause this diene is very susceptible to polymerization, it
should be stored as a dilute hexane solution in a refrigerator
and used directly after filtration from white insoluble
polymeric material and evaporation of the solvent. 4b
1H NMR (100 MHz) 6=5.25 (2H, brs), 4.82 (2H, br s), 2.89 (2H,
dd, J=18.5, 6.0 Hz), 1.80—2.20 (4H, m).

7,7-Dichloro-3,4-bis(methylene)bicyclo[4.1.0]heptane (4a).
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Diene 4a was obtained from bis(p-toluenesulfonate) of 7,7-
dichloro-3,4-bis(hydroxymethyl)bicyclo[4.1.0]heptane (8.4 g,
15.8 mmol) and potassium ¢-butoxide (4.42 g, 39.4 mmol) in
anhydrous THF (110 mL) in 68% yield as a colorless oil. 4a
bp 43—45 °C (0.02 Torr; 1 Torr=~133.322 Pa) [lit, 50—60 °C
(0.02 Torr)].1» 'H NMR (100 MHz) 6=5.25 (2H, s), 4.82 (2H,
s), 2.77 (2H, dd, J=15.4, 8.8 Hz), 2.25 (2H, dd, J=15.4,
5.9 Hz), 1.8—1.9 (2H, m).

General Procedure for Epoxidation of Substituted Bicyclo-
[4.1.0]heptenes. A solution of an olefin (2.0 mmol) and
mCPBA (3.2 mmol) in dichloromethane (10 mL) was stirred
atroom temperature for 3.5 h to 20 h until no starting olefin
had been detected by TLC. After filtration from colorless
crystals and evaporation of the solvent under reduced
pressure, the residue taken in ether was washed successively
with 5% aq. sodium hydrogensulfite, water, 5% aq. sodium
hydrogencarbonate, and saturated brine, and then dried.
Evaporation of the solvent gave product(s), which was
separated and purified with chromatography (silica gel/
ethyl acetate-benzene (5:95 v/v)).

Dimethyl 1,1-Dibromo-1a,2,3,4,5,6,7,7a-octahydro-1H-
cyclopropa[ blnaphthalene-4,5-trans-dicarboxylate anti-Ep-
oxide (25b). To a solution of dimethyl fumarate (584 mg,
4.05 mmol) in benzene (2 mL) and ether (1 mL) was added
slowly a solution of diene 4b (1.13 g, 4.05 mmol) in ether
(1mL) and the resulting solution was stirred at room
temperature for 5 days. After evaporation of the solvents, the
residue was purified with column chromatography (20 g of
silica gel/benzene). The adduct (1.68 g, 98%), mp 154—
155°C. IR (Nujol mull) vm.: 1726, 1442, 1326, 1200, 1178,
1002, 730, 720 cm~!. H NMR (90 MHz) 6=3.62 (6H, s),
2.65—2.90 (2H, m), 1.66—2.33 (10H, m). Found: C, 42.78; H,
4.29%. Calcd for CisH1s04Br2: C, 42.68; H, 4.30%.

To a solution of the adduct (235 mg, 0.56 mmol) in
dichloromethane (2.5 mL) was added mCPBA (70% purity,
155 mg, 0.9 mmol) in one portion and the mixture was
stirred for 20 h at room temperature. After usual workup,
the product was purified with column chromatography
(silica gel/benzene-ethyl acetate (9:1 v/v)). 25b (220 mg,
91%), mp 103—105 °C (decomp). IR (Nujol mull) vmax: 1726,
1440, 1330, 1200, 1168, 1000, 962, 728 cm~l. 'H NMR
(90 MHz) 6=3.61 (6H, s), 1.50—3.30 (12H, m). 3C NMR
(100 MHz) 6=174.6 (s), 173.7 (s), 59.3 (s), 58.0 (s), 51.9 (q, may
be two peaks in one), 40.5 (d), 39.2 (s), 38.5 (d), 31.8 (1), 31.4
(1), 27.3 (1), 26.3 (1), 24.1 (d). Found: C, 41.10; H, 4.13%. Calcd
for C1sH1805Br2: C, 41.12; H, 4.14%.

A small amount of a diol was eluted afterward. Diol mp
169—170 °C. IR (Nujol mull) vmax: 3520, 1722, 1710, 1446,
1298, 1200, 1054, 1020, 888, 714 cm~!. 'H NMR (90 MHz)
6=3.71 (3H, s), 3.66 (3H, s), 3.2—3.4 (1H, m), 2.75 (1H, brs),
1.4—2.5(11H, m). 3C NMR (100 MHz) 6=176.8 (s), 174.9 (s),
70.4 (s), 68.4 (s), 52.4 (q), 52.0 (q), 41.2 (s), 38.5 (d), 38.3 (d),
34.5 (1), 32.2 (1), 31.5 (t), 30,8 (t), 28.0 (d), 26.7 (d). Found: C,
38.91; H, 4.45%. Calcd for Ci1sH2006Br2-(1/2 H20): C, 38.73;
H, 4.55%.

anti-Epoxide of Dimethyl 1,1-Dichloro-1a,2,3,4,5,6,7,7a-
octahydro-1H-cyclopropal bnaphthalene-4,5-trans-dicarbox-
ylate (25a). A solution of diene (4a) (328 mg, 1.73 mmol) and
dimethyl fumarate (255 mg, 1.73 mmol) in benzene (20 mL)
was refluxed for 67 h. After evaporation of the solvent, the
residue was purified with column chromatography (silica
gel/benzene-ethyl acetate (9:1 v/v)). An oily adduct was
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obtained (323 mg, 55.4%). 'H NMR (90 MHz) 6=3.64 (3H, s),
3.65 (3H, s), 2.69—2.93 (2H, br m), 1.9—2.55 (8H, br m), 1.78—
1.90 (2H, b).

The adduct was stirred with mCPBA (80% purity , 232 mg,
1.07 mmol) in dichloromethane (4.8 mL) for 26 h at room
temperature. Usual work-up gave colorless crytals (315 mg,
93%). 25a mp 149—150°C. IR (CHCls) vmx: 3010, 2960,
2930, 1732, 1438, 1310, 1260, 1200, 1170, 1080, 1050, 1004,
978 cm~!. 'H NMR (90 MHz) 6=3.62 (6H, br s), 3.05—1.5
(12H, m). Found: C, 51.61; H, 5.21%. Calcd for C15H1505Cls:
C, 51.59; H, 5.20%.

7,7-Dibromo-3,4-epoxy-1,3-dimethylbicyclo[4.1.0]heptane
(12). 7,7-Dibromo-1,3-dimethylbicyclo[4.1.0]hept-3-enel®
(135 mg, 0.48 mmol) and mCPBA (70%, 135 mg, 0.78 mmol)
(stirring for 19 h) gave 8 as a colorless liquid (130 mg, 91%),
bp 50—55°C (0.6 Torr), which was a mixture (85:5) of the
anti and syn isomers. The NMR spectra of the major
product, ant:-12: 1H NMR (400 MHz) 6=2.87 (1H, br s), 2.50
(IH, dd, Jj=16.4, 9.1 Hz), 2.08 (2H, s), 1.94 (1H, br d,
J=16.4Hz), 1.41 (3H,s), 1.33 (1H, bd, J=9.1 Hz), 1.27 (3H, s).
13C NMR (100 MHz) 6=56.8 (d, J=176.7 Hz), 56.0 (s), 48.4 (s),
33.5 (t, J=129.4 Hz), 29.5 (d, J=183.6 Hz), 27.9 (q, J=131.5
Hz), 25.0 (s), 22.7 (q, J=127.9Hz), 22.4 (t, J=128.4 Hz).
Found: C, 36.54; H, 4.12%. Calcd for CsH120Br2: C, 36.51; H,
4.09%.

7,7-Dibromo-2,8-epoxybicyclo[4.1.0]heptane (16). To a
1:1 mixture of 7,7-Dibromobicyclo[4.1.0]heptane and 2-
heptene (680 mg) in carbon tetrachloride was added mCPBA
(680 mg, 3.95 mmol) and the mixture was stirred overnight.
After usual workup as above, a colorless oil (647 mg) was
obtained. Separation with column chromatography on
silica gel gave epoxide 16 as a pure material (256 mg, 71%).
BCNMR (25MHz) 6=49.2 (d, J=181 Hz) and 52.4 (d,
J=177 Hz) (Cg, Cs), 31.4 (s, Cr), 28.8 (d, J=171 Hz) and 27.4
(d, J=171Hz) (G, Ce), 19.6 (t, J=129Hz) and 16.6 (t,
J=132 Hz) (Cq, Cs).

anti-7,7-Dibromo-3,4-epoxy-1,6-dimethylbicyclo[4.1.0Thep-
tane (17). From 7,7-dibromo-1,6-dimethylbicyclo[4.1.0]-
hept-3-enel® and mCPBA, epoxide 17 was obtained in 77.3%
yield. Mp 91 °C, [lit, mp 91—94 °C].1» 1H NMR (90 MHz)
6=3.03 (2H, s), 2.18 (4H, s), 1.24 (6H, s). 13C NMR (25 MHz)
8=56.6 (s), 51.3 (d), 30.1 (t), 26.2 (s), 22.8 (q)-

Epoxidation of a Mixture of 4-Isopropyl-1-methyl- and
1-Isopropyl-4-methyl-7,7-dibromobicyclo[4.1.0]hept-3-ene.
Oxidation of a mixture (292 mg, 0.99 mmol) described below
with mCPBA in dichloromethane gave a mixture of the
corresponding epoxides (158 mg, 51.5%), consisting mainly
of 7,7-dibromo-3,4-epoxy-4-isopropyl-1-methylbicyclo[4.1.0]-
heptane (9b), which was separated with column chromatog-
raphy (see below).

7,7-Dibromo-2,3-epoxy-3-isopropyl-6-methylbicyclo[4.1.0]-
heptane (11). 7,7-Dibromo-3-isopropyl-6-methylbicyclo[4.
1.0]hept-2-ene 30 (1.0 g, 3.3 mmol) (see below) and mCPBA
(80% purity, 1.04g, 6.5mmol) was stirred in dichloro-
methane (15 mL) at room temperature for 3.5 h. anti-11 was
obtained as a colorless oil (1.02 g, 95%) in almost pure state
after purification with chromatography. anii-11, bp 80—
85°C (3 Torr, sublimative distillation). IR (liquid film)
max=2950, 2920 (sh), 2870, 1362, 1125, 1035, 972, 748,
720 cm~1. 'H NMR (400 MHz) 6=3.082 (s, Hz), 1.800 (s, Ha),
1.905 (ddd, J=14.4, 5.3, 6.3 Hz) and 1.810 (ddd, J=14.4, 5.8,
9.5 Hz) (H4 and Hg), 1.415 (ddd, J=14.7, 6.3, 9.3 Hz) and
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2.030 (ddd, J=14.7, 5.3, 5.8 Hz) (Hs. and Hs), 1.378 (s, 6-Me),
1.519 (sept, 1H), 0.980 (d, J/=6.8 Hz) and 0.941 (d, J=7.1 Hz)
(2Me). 1BC NMR (100 MHz) 6=34.5 (d, 166 Hz, C;), 55.8 (d,
178, Cs), 64.3 (s, Ca), 22.4 (1, 128, Cq), 27.5 (t, 125, Cs), 28.7 (s,
Ce), 25.8 (q, 126, 6-Me), 42.6 (s, C7), 35.1 (d, 131, CHMez),
17.8 (q) and 17.4 (q) (CHMez). MS m/z (%): 326 (M+4, 0.3),
324 (M+2, 0.6), 322 (M*, 0.3), 311 (1.7), 309 (3.7), 307 (2.0,
M—Me), 228 (41), 226 (85), 224 [M—(i-Pr), 44], 71 (100). The
effect of Sievers’ shift reagent on the TH NMR spectrum of
anti-11 (deshielding shifts calculated against Ha shift as 100):
Hi (32.5), 6-Me (6.9), 3-CHMez (80.5), 3-CHMez (30.0).

Epoxidation of 1-Isopropyl-4-methyl-1,4-cyclohexadiene
(5). Treatment of vy-terpinene (1.34g, 9.64 mmol) with
mCPBA (70% purity, 2.39 g, 9.68 mmol) in dichloromethane
(50 mL) for 22.5h at room temperature gave a mixture of
epoxides 6 and 7 as a colorless liquid (1.61 g), which was
separated with column chromatography (silica gel/hexane-
ether (5:1 v/v)) to give pure samples of 4,5-epoxy-4-
isopropyl-1-methyl-1-cyclohexene 7 (380 mg, 25.4%; R; (hex-
ane-ether 10:1 v/v)=0.26) and 4,5-epoxy-l-isopropyl-4-
methyl-1-cyclohexene 6 (570 mg, 38.1%; R=0.20). 6 H and
183C NMR: see Tables 4 and 5. MS m/z (%): 153 (6.8), 152 (M*,
56), 137 (44), 134 (35.5), 123 (25.6), 119 (62), 109 (100). 7 'H
and BC NMR: see Tables 4 and 5. MS m/z (%): 153 (2.1), 152
(M*, 17), 139 (11), 137 (7.0), 134 (24), 119 (36), 109 (35.5), 71
(100).

Dibromocarbene Addition to 1-Isopropyl-4-methyl-1,4-
cyclohexa-1,4-diene (5): General Procedure (Method A).29
To an ice-cooled solution of diene 5 (197 mg, 1.42 mmol) in
benzene (13 mL) was added, in one portion, potassium ¢-
butoxide (247 mg, 2.2 mmol) and ¢-butyl alcohol (3.2 mL.).
To this solution was added a solution of bromoform
(0.35 mL, 4.0 mmol) in benzene (1.6 mL) in a period of 5 min
at 0—5°C, and stirring was continued for 7h at the
temperature. The mixture was then diluted with benzene
and the organic layer was separated, and washed with water
and saturated brine. After drying and concentration, the
residual oil was purified with column chromatography
(silica gel/hexane) to give a mixture of two carbene-adducts
(292 mg, 67%), 7,7-dibromo-4-isopropyl-1-methylbicyclo-
[4.1.0]hept-3-ene and 7,7-dibromo-1-isopropyl-4-methylbi-
cyclo[4.1.0]hept-3-ene. This mixture was used for epoxida-
tion without further purification (see above).

Dibromocarbene Addition to 1-Isopropyl-4,5-epoxy-4-
methyl-1-cyclohexene (6): General Procedure (Method B).8.19
To a solution of epoxide 6 (293 mg, 1.93 mmol), benzyltri-
ethylammonium chloride (4.4 mg) in bromoform (0.25 mL,
2.86 mmol) was added aq. sodium hydroxide (880 mg,
22 mmol/1.05 mL H20) under ice-cooling and the mixture
was stirred at room temperature for 23 h. The resulting
brown viscus mixture was diluted with water and ether and
then filtered through hyflosupercel. The filtrate was
extracted with ether and the combined ether extracts were
washed with water and saturated brine, and then dried.
Concentration gave a yellow liquid (510 mg) which was
purified with column chromatography (silica gel/benzene)
to give a colorless oil, bp 85°C (3 Torr, sublimative
distillation). 8b (237 mg, 38%). 'H and 13C NMR: see Tables
4 and 5. MS m/z (%): 326 (M+4, 0.4), 324 (M+2, 1.1), 322
(M+, 0.8), 311 (5.1), 309 (11.4), 308 (2.9), 307 (7.9), 306 (3.9),
304 (2.0), 233 (44.8), 231 (89.5), 229 (48).

7,7-Dibromo-3,4-epoxy-4-isopropyl-1-methylbicyclo[4.1.0]-
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Table 4. 'H NMR Data of Compounds, 6, 7, 8a, 8b, 9a, and 9b (400 MHz in CDCls)®
Hs» Ho. Ha, Hs Hsa, Hsp Me CHMe; CHMe:

6 3.123 2.25—2.6m 5.162 2.25—2.6m 1.37s 2.15spt 0.993¢
0.982¢

(6.8)
7 3.071s 2.14—2.23m 5.193¢ 2.14—2.23m 1.64s 1.5565¢pt 1.006¢
0.9704

(6.8)

8a 2.890s 1.9444 2.224 1.2144 1.85% 2.234 1.27s 1.603s¢pt 1.024
(X=Cl) (16.3) (16.3) (9.5) (16.1) (16.1) 0.94¢
(2.7) (1.5) (1.5) (9.3) (6.8)
8b 2.887bs 1.9284 2.310% 1.32744 1.78244 2.306% 1.28s 1.632sept 1.035¢
(X=Br) (16.7) (16.7) (9.3) (15.9) (15.9) 0.950¢
(2.8) (1.5) (1.2) (1.2) (9.3) (6.8)
% 2.871bs 2.2]u 2.144d 1.29844 1.9344 2.234 1.375 1.500sert 0.991¢
(X=Cl) (16.0) (16.0) 9.2) (16.3) (16.3) 0.918¢
(1.9) (2.0) (1.7) (1.7) (9.2) (6.8)

9b 2.87v 2.22d4 2.26% 1.4344 1.85% 2.324¢ 1.42s 1.52sept 0.99¢
(X=Br) (16.4) (16.4) (9.6) (16.1) (16.1) 0.97¢
(2.4) (2.0) (1.6) (1.7) (9.6) (7.0)

a) The chemical shift of each proton is shown in ppm without parentheses and the coupling constants are shown in Hzin
parentheses. b) In this table, for the convenience of comparison with compounds 8 and 9, 6 and 7 are numbered as
counterclockwise starting from Ci in the structural formula 6 and 7, which are different from the JUPAC nomenclature.

Table 5. 13CNMR Data of Compounds; 6, 7, 8a, 8b, 9a, and 9b. (100 MHz in CDCls)

Ca(t) Cs(t) CHMe2: CHMes:
Compound Ca(s) or Cs Ca(d) Cq(s) or Cs Ce(d) Ca(s) Me(q) ) @
6 137.8 27.2 56.5 51.9 30.6 113.9 — 23.0 34.6 21.4
21.1
7 128.4 24.7 57.7 62.6 30.9 116.5 — 23.2 34.8 18.6
17.5
8a 31.6 19.8 57.5 54.8 23.7 29.6 71.8 22.7 35.6 23.7
(123) (170) (129) (164) (127) (129) 19.8
8b 31.1 21.9 57.7 55.0 26.1 30.9 49.2 22.7 37.9 19.1
(123) (176) (129) (163) (126) (125) 17.4
9a 24.0 18.3 56.5 61.0 27.6 29.5 72.1 25.3 34.9 18.3
(126) (175) (128) (163) (129) (128) 17.5
9b 23.8 20.8 56.7 60.9 29.7 30.9 49.0 28.1 35.0 18.5
(178) (167) (131) (128) 17.6

a) Chemical shifts are shown in ppm without parentheses and coupling constants are shown in Hz in parentheses
(Jiu-ec). They are obtained by the NOE measurements of 13C NMR spectra. s=singlet, d=doublet, t=triplet, g=quartet.
b) In this table, for the convenience of comparison with compounds 8 and 9, 6 and 7 are numbered as counterclockwise

starting from C; in the structural formula 6 and 7, which are different from the IUPAC nomenclature.

heptane (9b) (Method A). From epoxide 7 (505mg,
3.3 mmol), potassium ¢-butoxide (1.0l g, 9.3 mmol), and
bromoform (0.80 mL, 9.2 mmol) in benzene (45mL), a
colorless oil 9b (305 mg, 28.2%) was obtained along with
unchanged epoxide 7 (240 mg, 48%). 9b, bp 85°C (3 Torr,
sublimative distillation). 'H and 3C NMR: see Tables 4 and
5. MS m/z (%): 326 (M+4, 0.2), 324 (M+2, 0.36), 322 (M*,
0.19), 311 (35), 309 (73), 307 (40), 228 (48), 226 (100), 224 (51),
71 (100).

Dibromocarbene Addition to 1-Isopropyl-4-methyl-1,3-
cyclohexadiene (Method B). a-Terpinene (13.6 g, 0.1 mol),
benzyl triethylammonium chloride (213 mg, 1 mmol), bromo-
form (25.3 g, 0.1 mol), and aq. sodium hydroxide (30.8 g,
0.77 mol/H20 60 mL) at room temperature for 5h gave a
yellow liquid which was concentrated under reduced
pressure to eliminate recovered bromoform and the diene (bp
50—51°C/10 Torr, 5.12 g). The residue (11 g) was purified

with column chromatography (silica gel 250 g/hexane)
giving a colorless oil, 7,7-dibromo-3-isopropyl-6-methyl-
bicyclo[4.1.0]hept-2-ene (30) (7.7 g, 40% to consumed diene),
which was used without further purification (see above).
7,7-Dichloro-3,4-epoxy-1-isopropyl-4-methylbicyclo[4.1.0]-
heptane (8a): General Procedure for Dichlorocarbene Addi-
tion (Method C).2Y To an ice-cooled solution of a mixture
of epoxides (6 contaminated with 7) (5.0 g, 32.8 mmol) and
potassium t-butoxide (20.5 g, 164 mmol) in ¢-butyl alcohol
(185 mL) and anhydrous benzene (440 mL) was added
dropwise purified chloroform (13.1 mL, 164 mmol) in a
period of 10min and the solution was stirred at the
temperature for 2 h and then at room temperature for 17 h.
Usual workup (see above method A) gave a yellow liquid
(5.92 g), which was separated with column chromatography
(silica gel/hexane-ether (10:1 v/v)). From the initial eluate,
8a (0.29 g) was obtained as a pure material and, from the
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latter one, 9a (1.27 g) was obtained along with unchanged
epoxides (3.2g). 8a, bp 80—90°C (4 Torr, sublimative
distillation). 'H and 3C NMR: see Tables 4 and 5. Found:
C, 55.95; H, 6.81%. Calcd for C1iH160Clz: G, 56.18; H, 6.86%.

7,7-Dichloro-3,4-epoxy-4-isopropyl-1-methylbicyclo[4.1.0]-
heptane (9a). Epoxide 7 (236 mg, 1.56 mmol), potassium
t-butoxide (876 mg, 7.80 mmol) and ¢-butyl alcohol (8.8 mL.)
in benzene (21 mL) was treated with purified chloroform
(0.64 mL, 7.92 mmol) as described above (Method C). Usual
workup and purification gave 9a as a pure material (190 mg,
52%). bp 80—90°C (4 Torr, sublimative distillation). IR
(liq. film) vmax: 1460, 1423, 1380, 1362, 1050, 1010, 970, 930,
880, 822, 810 cm~1. 'H and 3C NMR: see Tables 4 and 5. MS
m/z (%): 238 (M+4, 0.02), 236 (M+2, 0.12), 234 (M*, 0.25), 223
(1.1), 221 (6.7), 219 (10.9), 195 (10.2), 193 (65.8), 191 (100).
Found: C, 56.10; H, 6.90%. Calcd for C1;H160Cls: C, 56.18;
H, 6.86%.

Dichloride 9a. General Procedure for Dichlorocarbene
Addition (Method D).® To an ice-cooled solution of
epoxide 7 (330 mg, 2.13 mmol) in chloroform (0.52 mL,
6.5 mmol) containing benzyltriethylammonium chloride
(10 mg), and a drop of -ethanol was added dropwise aq.
sodium hydroxide (1.04 g/1.4 mL H20). The mixture was
stirred at below 10°C for 2 h and allowed to stand at room
temperature. Usual workup as described in method B gave a
pale yellow o0il (394 mg), which was purified with column
chromatography (silica gel/benzene) to give a colorless oil 9a
(261 mg, 51.2%).

Characterization of 2-Bromo-5-isopropyl-1-methyltro-
pylium Cation (14b). To a solution of anti-epoxide 11
(27.2 mg) dissolved in deuteriochloroform (0.35mL) was
added TFA (0.05mL) in an NMR tube under ice-cooling to
give a colorless solution. After standing 3 min at room
temperature, an orange red color developed and a dark red
solution was obtained after 10 min. 'H NMR (100 MHz)
6=9.34 (1H, d, J=11 Hz), 9.02 (1H, d, J=11 Hz), 8.82 (1H, dd,
J=11, 2Hz), 8.60 (1H, dd, J=11, 2Hz), 3.49 (1H, sept,
J=7Hz), 3.15 (3H, s), 1.49 (6H, d, J=7Hz). BCNMR
(25 MHz) 6=168.9 (s), 158.8 (s), 157.2 (s), 156.4 (d), 152.7 (d),
150.6 (d), 148.6 (d), 40.9 (d), 33.0 (q), 23.5 (q). In order to take
UV spectrum, a sample of 11 (8.9 mg) dissolved in cold TFA
(0.25 mL) was warmed at room temperature for 5 min. Then
the mixture was diluted to 10 mL with concd sulfuric acid.
This solution (0.2mlL) was further diluted with concd
sulfuric acid to 10 mL. UV Amax (loge): 210 (end absorp.,
4.03), 253.5 (4.20), 329 (3.82), 424 nm (3.17).

General Procedure for Tropone Synthesis with Trifluoro-
acetic Acid (Method E): 2,4-Dimethyltropone (13). To
epoxide 12 (259 mg, 0.88 mmol) dissolved in chloroform
(5.4mL) was added TFA (1.35mL, 17.5 mmol), and the
mixture was stirred for 19h at 75°C (bath temperature).
After concentration to dryness, the residue taken in
dichloromethane was washed successively with water, 5% aq.
sodium hydrogencarbonate, and brine, and then dried. After
concentration, the product was purified with chromatogra-
phy (silica gel/benzene-ethyl acetate (9:1 v/v)). 13 bp 90—
100 °C (30 Torr, sublimative distillation). A pale yellow oil.
IR (liqg. film) vm.x: 1632, 1604, 1574, 1526, 1372, 1246, 1036,
824 cm~!. 'H NMR (400 MHz) 6=7.27 (1H, s), 7.02 (1H, dd,
J=8.1, 12.0 Hz), 6.96 (1H, br d, J=12.0 Hz), 6.79 (1H, br d,
J=8.1 Hz), 2.34 (3H, s), 2.28 (3H, s). BCNMR (100 MHz)
6=186.6 (s), 150.6 (s), 144.6 (s), 138.8 (d), 137.2 (d), 135.7 (d),
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130.7 (d), 26.7 (q), 23.0 (q). UV (95% CoH50H) Amax=234,
321 nm. MS m/z (%): 134 (M*, 75), 106 (30), 105 (23), 91 (100),
77 (16), 65 (14).

5-Isopropyl-2-methyltropone (15) from 11 (Method E). To
an ice-cooled solution of epoxide 11 (262 mg, 0.82 mmol) in
chloroform (4.0 mL) was added dropwise TFA (0.64 mL,
8.3 mmol), and the solution was stirred at the temperature
for 30 min and the resulting dark red solution was heated at
75°C for 16 h. Workup and purification as usual gave
tropone 15 (58.2 mg, 43.2%) as a pale yellow oil. 15, bp
100—110°C (30Torr, sublimative distillation). IR (lig.
film) vmax: 1628, 1578, 1526, 1460, 1394, 1370, 1168, 862 cm™1.
!H NMR (400 MHz) 6=7.33 (1H, d, J=11.3), 7.08—7.07 (2H,
two peaks), 6.95 (1H, d, 11.3), 2.77 (1H, sept, J=6.8 Hz), 2.26
(3H, s), 1.22 (6H, d, J=6.8 Hz). 13C NMR (100 MHz) 6=186.9
(s), 153.3 (s), 149.8 (s), 139.5 (d), 136.9 (d), 135.8 (d), 129.6 (d),
37.4(d), 23.0 (q), 22.4 (q). MS m/z(%): 162 (M*, 44), 147 (4),
134 (8), 120 (12), 119 (100), 117 (8), 91 (15). UV (95%
CeHs0H) Amax: 216 (sh), 235, 321 nm. Found: C, 79.62; H,
8.76%. Calcd for C1nH1s0-(1/5 H20): C, 79.67; H, 8.75%.

5-Isopropyl-2-methyltropone (15) from 9b. Similar treat-
ment {(method E) of dibromide 9b (246 mg, 0.78 mmol) in
chloroform (4.8 mL) and water (0.138 mL) with TFA
(1.2 mL, 15 mmol) for 24 h at the refluxing temperature gave
tropone 15 (104 mg, 85%), which was identical with a sample
obtained from 11.

General Procedure for Tropone Synthesis with Trichloro-
acetic Acid (Method F): 5-Isopropyl-2-methyltropone 15
from 11. A solution of trichloroacetic acid (817 mg,
5 mmol) in toluene (7 mL) was refluxed under separation of
water with a Dean-Stark apparatus for 2 h. To this solution
was added water (90 mg, 5 mmol) and 11 (324 mg, 1.0 mmol)
dissolved in toluene (2.0 mL). The resulting dark red
solution was warmed at 100°C for 4h. The solution was
diluted with ether and washed several times with 5% aq
sodium hydrogencarbonate until this reacts alkaline to
litmus paper. The ethereal solution was washed with water
then saturated brine and dried. Evaporation of the solvent
remained a red liquid (235 mg), the TH NMR spectrum of
which showed it contained mainly tropone 15 with small
amount of toluene. Column chromatographic separation on
silica gel (10 g) gave a pure sample of 15 (93 mg), which was
distilled with a sublimation apparatus at 100—110°C/30
Torr giving a pale yellow oil (82 mg, 50%).

5-Isopropyl-2-methyltropone (15) from 9a (Method F).
TCA (896 mg, 5.44 mmol) in toluene (8.0 mL) was refluxed
under separation of water with a Dean-Stark apparatus for
2h. To this solution was added a solution of epoxide 9a
(244 mg, 1.12 mmol) in toluene (2.0 mL) and water (0.10 mL,,
5.4 mmol). The mixture was stirred for 4 h at 100 °C. Usual
workup gave a pure sample of 15 (133 mg, 74%).

Dimethyl 7-Oxo0-1,2,3,4-tetrahydro-7H-benzocycloheptene-
trans-2,3-dicarboxylate (26). To epoxide 25b (208 mg, 0.48
mmol) dissolved in chloroform (3.0 mL) was added TFA
(0.74mL, 9.6 mmol) under cooling and the resulting
solution was stirred at 75°C for 22h (Method E). Usual
workup gave a crude product, which was purified with
chromatography (silica gel/benzene-ethyl acetate-methanol
(5:4:1 v/v)). 26 (54.8 mg, 42%) mp 124—125°C. IR (Nujol
mull) vmax: 1742, 1714 (sh), 1638, 1578, 1436, 1244, 1196 cm—L.
UV (95% EtOH) Amx (loge): 228 (4.40), 231.5 (4.40), 318
(4.11) nm. 'H NMR (90 MHz) 6=6.80 (4H, s; protons on the



72 Masahiko Karo, Shigeyuki YamamoTo, Shigeki Nomura, and Toshio Miwa

a- and B-carbons to the tropone carbonyl show almost
identical chemical shift), 3.68 (6H, s), 2.80—3.13 (6H, m).
13C NMR (25 MHz) 6=186.9 (s), 173.7 (s), 140.0 (d), 139.5 (s),
138.8 (d), 52.4 (q), 40.7 (d), 34.8 (t). Found: G, 65.15; H,
5.84%. Calcd for CisH160s: C, 65.21; H, 5.84%.

Isolation of Lactone 27a from Dichloro-epoxide 25a. Ep-
oxide 25a (113 mg, 0.32 mmol), dichloroacetic acid (0.14 mL,
1.68 mmol), and water (0.030 mL, 1.66 mmol) dissolved in
toluene (2.0 mL) was stirred at 100 °C for 24 h. The mixture
was diluted with ether and washed successively with 5% aq.
sodium hydrogencarbonate, water and saturated brine, and
then dried. After concentration, the residue was purified
with chromatography (silica gel/benzene-ethyl acetate (9:1
v/v)). 27a (54.8 mg, 50.5%) mp 182.5—184°C. IR (CHCIs)
vmax: 3450, 1780, 1720, 1440, 1358, 1182, 1065, 1042, 1000, 920,
902, 810 cm~!. 'H NMR (400 MHz) 6=3.76 (3H, s), 3.71 (1H,
s), 3.07 (1H, ddd, J=5.4, 3.9, 1.2 Hz), 3.01 (1H, ddd, J=6.7,
3.9, 1.2 Hz), 2.47 (1H, d, J=15.6 Hz), 2.41 (1H, d, J=12.7 Hz),
2.20 (1H, dd, J=16.6, 9.5 Hz), 2.15—2.22 (1H, m), 2.11 (1H,
dd, J=16.6, 2.4 Hz), 1.97—2.01 (1H, m), 1.95 (1H, dt, J=9.3,
2.1 Hz), 1.82—1.88 (2H, m), 1.79 (1H, dt, J=5.6, 3.2 Hz).
13C NMR (100 MHz) 6=85.8 (s), 67.0 (s), 66.4 (s), 53.0 (q), 42.5
(d), 39.6 (d), 37.7 (1), 33.8 (t), 32.3 (t), 25.7 (d), 25.6 (t), 24.7 (d).
MS m/z (%): 336 (3.8), 334 (6.0), 272 (48), 270 (71), 258 (66),
256 (100), 213 (45), 212 (66), 211 (64), 210 (78), 175 (24).
Found: C, 50.03; H, 4.82%. Calcd for C14H16C120s: C, 50.17;
H, 4.81%.

Ring Opening of 7,7-Dibromo-3,4-epoxy-1-isopropyl-4-
methylbicyclo[4.1.0]heptane (8b): 2-Isopropyl-5-methyltro-
pone (29). Treatment of epoxide 8b (176 mg, 0.54 mmol)
with TCA (453 mg, 2.73 mmol) and water (0.048 mL,
2.7 mmol) under the conditions described in method B gave
tropone 29 (65.4 mg, 74%) after purification. A pale yellow
oil, bp 110°C (30 Torr, sublimative distillation). IR
(CHCls) wvmax: 1620, 1565, 1520, 1460, 1200, 1156, 1020,
840 cm~1. 'H NMR (400 MHz) 6=7.15 (1H, d, J=11.5 Hz),
6.93 (2H, two peaks), 6.76 (1H, d, J=11.5 Hz), 3.38 (1H, sept,
J=6.8Hz), 2.27 (3H, d, J=1.3 Hz), 1.13 (6H, d, J=6.8 Hz).
Found: C, 81.11; H, 8.71%. Calcd for C1:H140: C, 81.44; H,
8.70%.

Ring Opening of 7,7-Dichloro-3,4-epoxy-1-isopropyl-4-
methylbicyclo[4.1.0]heptane (8a): 2-Isopropyl-5-methyltro-
pone (29). Treatment of epoxide 8a (212 mg, 0.93 mmol)
with TCA (744 mg, 4.52 mmol) and water (0.08 mL, 4.4
mmol) under the conditions described in method B gave
tropone 29 (62.4 mg, 43%).

Ring Opening Reaction of 2,3-Epoxy-7,7-dibromobicyclo-
[4.1.0]heptane (16). To an ice-cooled solution of epoxide 16
(189 mg, 0.70 mmol) in chloroform (4.0 mL) was added TFA
(0.54 mL, 7.0 mmol). The resulting solution was stirred at
room temperature for 1.5 h and then at the refluxing for 19 h
(Method E). Usual workup and purification gave benzyli-
dene dibromide as a colorless oil (122 mg, 70%), which
showed the identical IR and NMR spectra with those of an
authentic sample. IR (liq. film) vmax: 1496, 1454, 1228, 1146,
824, 696 cm~1. 'H NMR (100 MHz) 6=7.4—7.7 (2H, m),
7.2—7.4 (3H, m), 6.66 (1H, s).

Ring Opening of 7,7-Dibromo-3,4-epoxy-1,3-dimethylbi-
cyclo[4.1.0]heptane (12) with Sulfuric Acid: Formation of
5-Bromo-2,4-dimethyltropone (18). To epoxide 12 (153 mg,
0.52 mmol) dissolved in dichloromethane (3.0 mL) was
added concd sulfuric acid (0.5mL) and the mixture was
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stirred and refluxed for 22 h. The mixture was poured onto
ice and extracted with dichloromethane. The organic layer
was washed with water and saturated brine and then dried.
After concentration, the residue was purified with column
chromatography (silica gel/benzene-ethyl acetate (9:1 v/v)).
18 colorless crystals, mp 90—91 °C. IR (Nujol mull) vmax:
1616, 1576, 1502, 1370, 1276, 1230, 828 cm=2. UV Ama: 236.5,
326 nm. H NMR (100 MHz) 6=7.40 (1H, dd, J=12.9,
1.0 Hz), 7.37 (1H, s), 6.96 (1H, d, J=12.9 Hz), 2.47 (3H, s),
2.21 (3H, d, J=1.0 Hz). 3C NMR (25 MHz) 6=185.5 (s), 149
(s), 143 (s), 141 (d), 138 (d), 135.5 (d), 128.5 (s), 30.2 (q), 23 (q).
Found: C, 50.79; H, 4.27%. Calcd for CoaHsOBr: C, 50.73; H,
4.26%.

The authors wish to thank Mr. Jun-ichi Goda and
Mr. Tetsuya Shimada of our University for the
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The Role of Triplet State of Nitrospiropyran in
Their Photochromic Reaction
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The effects of intermolecular and intramolecular triplet quenchers and sensitizers on the photochromism of
nitrospiropyran have been examined in order to clarify the role of the triplet state (3A*) as well as that of the
excited singlet state (*A¥). The rates of photocoloration and fatigue were significantly affected: the quenchers
retarded both rates, while the sensitizers retarded the former but enhanced the latter rate. It can be concluded
that more than 90% of the total amount of photomerocyanin is generated from 'A* in the photostationary state

and that fatigue proceeds mainly through 3A%*,

Photochromism is now being extensively re-investi-
gated, mainly from the viewpoint of application to
EDRAW (erasable and directly reading and writing)
memories. In order to reach the goal, there are several
routes which must be attacked. One is to develop
novel preparative procedures of highly fatigue-resist-
ant, thermally stable photochromic compounds. So
far, though, only a few compounds satisfy these
demands.l:?  Another route is to modify popular
photochromic compounds so as to improve their
photochromic peculiarity. Spiropyran is one of the
most well-known photochromic families, and is
transformed either photochemically or thermally
between a colorless closed spiro-form (SP) and a
colored open merocyanin form (PMC).? Its analogues
become deeply colored by UV irradiation with high
sensitivity, but are rather sensitive to fatigue. The
elucidation of the photochromic mechanism of this
family may be important not only for basic interest,
but also practical applications to photochromic
memories.

Since the photochromism of spiropyrans was found
in the 1950’s,4% a large number of papers have
appeared concerning their photophysical and photo-
chemical behavior in various matrices.® 17,3/,3’-
Trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-indoline]
(1) and its derivatives have stimulated special attention
since their sensitivity is so high, even in the near-UV
region up to 400 nm. Recently, the photophysical and
photochemical processes of their photochromism have
been elucidated by both picosecond and nanosecond
laser photolysis.6=9 It has become clear that PMC is
generated in the nanosecond range, mainly through
the excited singlet state of SP. An intriguing
argument 1s whether the triplet state effectively
contributes to the photochromic reaction or not. The
reaction mechanisms proposed so far are different with
respect to the role of the triplet state. The mechanism
of the fatigue process still remains ambiguous.

It is known that benzophenone is a good triplet
sensitizer of 1.19 On the other hand, naphthalene
derivatives have triplet energies slightly lower than
that of 1'® and, therefore, can act as a triplet quencher.

Therefore, compounds 2—4, which have a triplet
sensitizer or a quencher intramolecularly linked as a
side group, have been prepared in order to evaluate the
efficiency of photo-reactions via the triplet states. The
aim of this paper is to clarify the various factors which
influence the photochromic efficiency and photodura-
bility of 1.

Results and Discussion

Effects of Triplet Sensitizer and Quencher on the
Photocoloration. The dependence of the build-up of
PMC on the benzophenone concentration (0, 0.02, and
0.1 M, M=mol dm=3) upon 313-nm light irradiation of
1 in acetonitrile under argon is shown in Fig. 1. Since
the triplet energies (Et) of benzophenone and 1 are 69.2
and 64.3 kcal mol-!, respectively, and the concentra-
tion of 1 was high (2.7X10-¢ M), triplet energy transfer
must have occurred with an efficiency of nearly unity.
Figure | indicates that both the initial rate (slope) and
photostationary level of PMC formation (asymptotic
value) decrease with increasing concentration of the
sensitizer. Similar results were obtained for other
sensitizers, such as xanthone (Er 74.1 kcal mol-1) and
p-bromoacetophenone (Er 71.4 kcal mol-1).
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Fig. 1. Dependence of build-up of PMC on benzo-

phenone concentration. [1]=2.7X10~4 M. O:[Benzo-
phenone]=0, @: 0.02M, and ®: 0.1 M. Solvent=
acetonitrile. Irradiation light: 313 nm.
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presence of triplet sensitizers or quenchers. O: Xan-
thone (E1=74.1 kcal mol-1), @: p-bromoacetophe-
none (Er=71.4kcal mol—!), @: benzophenone (Er=
69.2 kcal mol—1), and ©: benzil (E1=54.3 kcal mol-1).
[1172.7X10~¢ M. [Sensitizer] or [quencher]=2.7X
10-3—>5.0X10-! M. Solvent=acetonitrile. Irradiation
light: 313 nm.

During the initial stage of photocoloration, incident
light is exclusively absorbed by the sensitizer and SP,
the absorption by PMC being negligible. Therefore,
the relative amounts of the light quanta absorbed by
the sensitizer and SP can be readily estimated from
their absorbances at the irradiation wavelength. The
initial coloration rates measured in the presence of
various sensitizers are plotted against the light quanta
absorbed by SP in Fig. 2, where the values of both axes
are normalized by the respective values obtained in the
absence of a sensitizer. The broken line passing
through the origin and a point [1,1] refers to the
relative coloration rate induced by the light absorbed
by 1, itself, since the rate is proportional to the
absorbed light quanta. In the presence of additives,
the apparent coloration rate by direct excitation
should be reduced by an amount 4 to the value given
on the broken line, owing to a filtering effect of the
sensitizer. As plotted in Fig. 2, the rates observed for
sensitizers with an Et higher than that of 1 are located
above the broken line. On the other hand, the rates
plotted for benzil (Er 54.3 kcal mol-1), which is a
triplet quencher, are located under the broken line.

The rates corresponding to the experimental ones
minus those on the broken line (as noted as B) are due
to triplet sensitization. As shown in Fig. 2, B is much
less than 4. Interestingly, the ratio of B to 4 was about
1/3 in almost all experimental runs. This means that
the coloration rate by triplet sensitization relative to
that by direct excitation is ca. 0.3.

Since the light energy absorbed by the sensitizers is
transferred with an efficiency of almost unity to
generate the triplet state of SP under the present
experimental conditions, a relationship can be de-
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Fig. 3. Dependence of build-up of PMC on 1,1’-bi-
naphthyl concentration. [1]=2.7X10-4M. O:[1,1’-
Binaphthyl]=0, @: 0.004 M, and ®: 0.015 M. Solvent=
acetonitrile. Irradiation light: 313 nm.

duced:

Coloration efficiency of 3SP* 1

= - (n

Coloration efficiency on direct excitation 3

The triplet sensitizers are effective for PMC forma-
tion, but the efficiency is not so high; they serve,
rather, as an internal filter. As described above, benzil,
the Et value of which is lower than that of SP 1, served
as a quencher of PMC formation. 1,1’-Binaphthyl (Et
60 kcal mol-1) also has a lower Er value than 1;
however, its quenching efficiency was very low, as
shown in Fig. 3. These results indicate that the singlet
state of SP plays an important role in its coloration
upon direct irradiation.

Relative Coloration Efficiency through the Triplet
State. The quantum yield (¢ca) for the coloration of
1 in acetonitrile was estimated to be ca. 0.1. Since ¢ca
is the sum of the contributions from the excited singlet
(1SP*) and triplet state (3SP*), an equation can be
given:

1d)col + 3(bcol X d)isc - 01, (2)

where 1o, 3¢, and ¢ic are the efficiencies for
coloration of !SP* and 3SP*, and for intersystem
crossing of SP. Equation 3 can be derived from Eq. 1
as

3¢col/(1¢col + 3d)col X ¢isc) = 1/3 (3)

By using a value of 0.3 for ¢is,'® the values for *¢ea
and 3¢.o can be obtained from Eqgs. 2 and 3 as 0.09 and
0.03, respectively. Therefore, it can be concluded that
the photocoloration of 1 occurs in 90% through the
excited singlet state and in 10% through the triplet
state when directly excited. This was confirmed by
laser photolysis studies.? The reaction processes are
shown in Scheme 1. Only 3% of 3SP* undergoes trans-
formation into PMC. The radiative deactivation of
3SP* to the ground state occurs with a probability of
ca. 20% at 75 K.10 Other deactivation processes may
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involve a nonradiative decay to the ground state and
chemical reactions other than the photo-transforma-
tion to PMC, the probabilities of these respective
processes being unclear. Photo-fatigue products of 1
have not yet been satisfactorily identified.® The
irradiation of a toluene solution of SP with 365-nm
light afforded several degradation products with a
wide range of polarities, as separated by silica-gel
TLC. The UV spectrum of one of them agreed with
that of 2-hydroxy-5-nitrobenzaldehyde. Acidic prod-
ucts were also found.

Factors Influencing the Fatigue. The fatigue of 1
in solution upon prolonged irradiation was shown to
depend upon the polarity of the solvents. Figure 4
shows the half-life (min) of PMC as a function of
Dimroth’s E value of the solvent.!V It can be seen that
the half-life increases with increasing solvent polarity;
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Fig. 4. The dependence of polarity of solvent for
half-lives (min) of 1 on UV irradiation. [1]=
2.7X10-5 M. Irradiation light: 365 nm. 1: Hexane,
2: cyclohexane, 3: carbon tetrachloride, 4: toluene,
5: benzene, 6: dioxane, 7: ethyl acetate, 8: chloro-
form, 9: dichloromethane, 10: acetone, 11: N,N-di-
methylformamide, 12: acetonitrile, 13: isopropyl
alcohol, and 14: methanol.

Table 1. Concentration Dependence

on the Fatigue of 1

Concentration
(M)

] 2.1X10-3

3X10+ 6X10~4 1.2X10-3

3.4X10-3 4.8X10-3
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for example, in hexane it is less than 1 min, while in
acetonitrile it is more than 100 min. In halogenated
solvents the photodurability is much lower than is
expected from their E values.

It is likely that the strong intermolecular interaction
in nonpolar solvents!? may result in an acceleration of
the fatigue. In terms of this connection the con-
centration dependence of the fatigue was examined. In
Table 1 are listed the quantum yields for the dis-
appearance of 1 (3X10-5—1.2X10-3 M) upon 365-nm
light irradiation in toluene. The quantum efficiency
of photo-degradation of 1 increases with increasing
concentration of the starting material.

In Fig. 5 are shown typical examples of the fatigue
of 1 (2.7X10-5 M) during alternate irradiation of UV
(365 nm) and VIS (580 nm) lights in polar (acetoni-
trile) and nonpolar (toluene) solvents under an argon
atmosphere. Clearly, the fatigue proceeds more rapid-
ly in toluene than in acetonitrile, similar to the case of
prolonged UV irradiation. The number of alternate
irradiation cycles to reduce the PMC absorbance to one
half of its initial intensity (half-life cycle) is 4 and 25 in
toluene and acetonitrile, respectively. The addition of
benzophenone (2.7X10-2 M) to these solutions induced
a considerable acceleration of the fatigue, the number
of half-life cycles being less than 2 in both solvents. On
the other hand, 1,1’-binaphthyl (7.9X10-3 M) retarded
the fatigue significantly. In acetonitrile, for example,
the number of half-life cycles in the presence of 1,1’-
binaphthyl is two-times larger than that in its absence
and several tens times larger than that in the presence
of benzophenone. A number of compounds including

Absorbance at 590nm

0 10 20 30 40 50 60 70
Number of alternate irradiation
with UV and visible light

Fig. 5. Fatigue of 1in the presence of triplet sensitizer
or quencher. @:lin toluene (2.7X10-5 M), O:1(2.7X
10-5 M)+1,1’-binaphthyl (7.9X10-3 M) in toluene,
©: 1 in acetonitrile (2.7X10-5M), ©O: 1 (2.7X10-5
M)+1,1’-binaphthyl (7.9X10-3M) in acetonitrile,
and A: 1 (2.7X10~* M)+benzophenone (2.7X10-2 M)
in acetonitrile.
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amines and radical scavengers, like hydroquinone and
phenols, were examined for fatigue. However, only
the amines and the triplet quencher (binaphthyl) were
effective in quenching the fatigue.

It has been found that amines are powerful for
reducing fatigue. Figure 6 shows that 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) is potent for effectively
enhancing the fatigue resistance in acetonitrile and
toluene under an air atmosphere. It has been
established that DABCO acts as a quencher of singlet
oxygen.’¥  However, another quencher of singlet
oxygen, B-carotene, could not enhance the fatigue
resistance. A similar effect was exerted by other
amines, such as pyridine. Furthermore, it has also
been observed that the fatigue is considerably acceler-
ated by adding some acidic photo-degradation prod-
ucts of 1. Therefore, the amines seem to act as
neutralizing agents of acidic fragments which are
accumulated during the photo-irradiation and inter-
rupt the coloration of 1.

Effects of Triplet Sensitizers and Quenchers Linked
to the Spiropyran. Intramolecular effects were exerted

0
R:-CHy  -(CH 0O

R
1 2
Q ?
~(CH),0¢cH,0{O) -(CH2)20C©
@) o=
3 4
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0 10 20 30 40 50
Number of alternate irradiation
with UV aond visible light

Fig. 7. Fatigueof2,3,and4. O:1,:2,©:3,and @: 4.
Solvent=toluene. Concentration=2.7X10-5 M.

on the fatigue of bichromophoric spiropyrans 2 and 3
possessing a naphthyl moiety and 4 with a benzo-
phenone moiety as a side group. These spiropyrans
showed an identical photochromism to that of 1. The
time profiles of fatigue of these compounds are shown
in Fig. 7. It is clear that 2 and 3 are more resistant to
fatigue than 1, 4 being fatigue-labile. The half-life
cycles of the former compounds are about two-times
larger than that of 1.

An intramolecular triplet energy transfer in these
compounds was convinced by measurements of their
phosphorescence spectra in EPA at 77 K. The results
are shown in Fig. 8. Irradiation of 2 and 3 at 360 nm
induced a phosphorescence from the naphthyl side
group alone, though this chromophore has no ab-
sorption at this wavelength. The phosphorescence
spectrum of 4 is totally identical to that of 1 and no
emission from the benzophenone side group can be
seen. For these systems, a possibility of intermolecular
energy transfer would be excluded, because the
phosphorescence spectrum of a solution of 1 and
binaphthyl was identical to that of 1.

Taking into account the intermolecular and intra-
molecular effects of the triplet quencher and sensitizer
on the fatigue, it seems most likely that the fatigue is
mainly due to chemical reactions through the triplet
state. In contrast, the major reaction in the singlet
state is the photocoloration, and the probability of the
fatigue reaction is an order of magnitude less than that
in the triplet state. Although the triplet state is not the
sole channel to fatigue, the triplet quencher can pro-
tect 1 effectively from fatigue without any significant
deletion of the coloration probability.

The acidic photo-degradation products of 1 inter-
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Fig. 8. Phosphorescence of spiropyrans.

rupt the coloration of 1. The triplet quenchers do not
affect their interruption. On the other hand, amines
like DABCO seem to neautralize the acidic fragments
and make them harmless. A detailed investigation on
the role of DABCO is now under progress.

Experimental

Materials. 1’,3’,3’-Trimethyl-6-nitrospiro[2H-1-benzo-
pyran-2,2’-indoline] (1) was commercially available and
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crystallized from dichloromethane-hexane (mp 182—185
°C).

3,3’-Dimethyl-1’-[2-(1-naphthoyloxy)ethyl}-6-nitrospiro[2H-
1-benzopyran-2,2’-indoline] (2). The mixture of 2,3,3-
trimethyl-3H-indole (5g, 31 mmol) and 2-bromoethanol
(3.92 g, 31 mmol) was heated at 70 °C for 2 h with stirring.
The viscous mixture was cooled to room temperature and
washed with ammonia (50 ml). A separated yellow oil was
extracted with diethyl ether and dried and evaporated. 1-(2-
Hydroxyethyl)-3,3-dimethyl-2-methyleneindoline (5) was ob-
tained as an oily product (4.8 g, 75%). 1’-(2-Hydroxyethyl)-
3’,3’-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-indoline]
(6) was obtained by condensation of 5 (2 g, 10 mmol) with
5-nitrosalicylaldehyde (1.64 g, 11 mmol) in boiling ethanol
(50 ml) for 1.3 h. After filtration, the product was purified by
further crystallization from ethanol (2g, 51%, mp 176—
177°C). To a benzene solution of 6 (176 mg, 0.5 mmol),
1-naphthalenecarbonyl chloride (191 mg, 1 mmol) and pyri-
dine (79 mg, 1 mmol) were added dropwise under cooling.
The solution was further stirred for 3 h at room temperature.
Pouring the solution into water, a crude solid was given and
purified by silica chromatography to yield 96 mg of 2 (38%
yield, mp 141—143 °C). 'H NMR (CD:Clz) 6=1.16 (3H, s,
Me), 1.30 (3H, s, Me), 3.61—3.69 (1H, m, N-CH), 3.71—3.80
(1H, m, N-CH), 4.56 (2H, t, CH2-0), 5.97 (1H, d, J=11 Hz,
HC=C-Ph), 6.87 (1H, d, /=11 Hz, -C=CH-Ph), 6.70—8.85
(14H, m, aromatic H). Found: C, 73.12; H, 5.06; N, 5.87%.
Calcd for Cs1H26N20s: C, 73.50; H, 5.17; N, 5.53%.

3’,3’-Dimethyl-1’-[2-(1-naphthyloxyacetoxy)ethyl]-6-nitro-
spiro[2H-1-benzopyran-2,2’-indoline] (3). Condensation of
6 (166 mg, 0.5 mmol) with 1-naphthoxyacetic acid (202 mg,
1'mmol) in dichloromethane was carried out in the presence
of N,N-dicyclohexylcarbodiimide (206 mg, 1 mmol) and 4-
pyrrolidinopyridine (14.8 mg, 0.1 mmol). The solution was
stirred for 3 h at room temperature. N,N-Dicyclohexylurea
produced was filtered off. The filtrate was washed with 5%
acetic acid and water and dried. The solvent was evaporated
in vacuo and the product was recrystallized from hexane-
dichloromethane to yield 126 mg of 3 (64%, mp 129—
132°C). 'H NMR (CDzClz) 6=1.07 (3H, s, Me), 1.26 (3H, s,
Me), 3.40—3.50 (1H, m, N-CH), 3.52—3.61 (1H, m, N-CH),
4.31—4.39 (1H, m, CH-0), 4.40—4.49 (1H, m, CH-O), 4.77
(1H, d, 0=C-CH-0), 4.80 (1H, d, O=C-CH-0), 5.80 (1H, d,
J=10Hz, HC=C-Ph), 6.79 (1H, d, J=10 Hz, -C=CH-Ph),
6.51—8.35 (14H, m, aromatic H). Found: C, 70.70; H, 5.41;
N, 5.49%. Calcd for Cs2H2sN20s: C, 71.90; H, 4.90; N, 5.28%.

1’-[2-(2-Benzoylbenzoyloxy)ethyl]-3’,3’-dimethyl-6-nitro-
spiro[2H-1-benzopyran-2,2’-indoline] (4). Condensation of
6 (88.4 mg, 0.25 mmol) with o-benzoylbenzoic acid (113.1
mg, 0.5 mmol) by the carbodiimide method gave 73 mg of 4
(52%, mp 150—153°C). 'HNMR (CDCls) 6=1.11 (3H, s,
Me), 1.25 (3H, s, Me), 3.17—3.40 (2H, m, N-CH3), 4.04—4.21
(2H, m, CH2-0), 5.75 (1H, d, J=11 Hz, HC=C-Ph), 6.85 (1H,
d, J=11 Hz, -C=CH-Ph), 6.65—7.99 (16H, m, aromatic H).
Found: C, 72.84; H, 5.29; N, 4.84%. Calcd for C3sH2sN2Os: C,
72.85; H, 5.03; N, 5.00%.

Photo-Irradiation Measurements. Toluene and acetoni-
trile solutions containing 1—4 (2.7X10-4 M) with additives
(0—3X10-2 M) were used for measurements of the photo-
coloration rates. The concentrations of 1—4 were so high
that the solutions absorbed more than 90% of the incident
light quanta. The solutions were deoxygenated by bubbling
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with argon gas and irradiated with a 500-W high-pressure
mercury lamp. The irradiation wavelength was selected by
the combination of a glass filter and a monochromator to be
313 nm for acetonitrile solutions and 365 nm for toluene
solutions. The coloration rates during exposure to UV light
were monitored at the wavelength of the peak maximum of
PMC (555 nm in acetonitrile and 590 nm in toluene). The
extinction coefficients at 313nm in acetonitrile and at
365 nm in toluene were evaluated to be 8000 and 3900 for 1,
80 and 72 for benzophenone, 3200 and 29 for xanthone, 220
and 14 for p-bromoacetophenone, and 440 and 15 for benzil.
The quantum yield measurements for the photocoloration
of 1 (5.4X10~*M) in acetonitrile were done by using the
365 nm-light and a fulgide actinometry.? After irradiation
of an acetonitrile solution of 1 (2.8X10-5 M) with UV light,
the absorbance of the solution at 555 nm was measured; at
that time the concentration of SP was determined by HPLC.
The absorption coefficient of PMC in acetonitrile at 555 nm
was calculated to be 40000£20001mol-! cm~!, which is
consistent with the literature values.1®

For fatigue experiments, prolonged irradiation of solu-
tions of 1—4 (2.7X10-5—1.2X10~3 M) was carried out using
two methods. One involved continuous irradiation with
365-nm light isolated from a 500-W mercury lamp with a
glass filter. The other involved a UV (365 nm)-VIS (580 nm)
alternating irradiator constructed with a 500-W mercury
lamp, a collimating concave mirror, and two glass filters
automatically exchangeable in selectable time intervals.
Usually, the intervals were selected to be 10 and 30 s for UV
and VIS irradiation, respectively, sufficient time periods for
achieving the photostationary state. The half life of PMC
bleaching was measured by observing the absorbances at
580 nm.
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Phosphorescence measurements were carried out with a
Hitachi MPF 4 spectrofluorometer at 77 K.
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Reduction of NiX2(PPhs)z with zinc in the presence of Et4NI gives a nickel catalyst which has been proven
to be useful for the coupling of aryl halides. This nickel catalyst can be prepared in THF without an additional
triphenylphosphine and is effective for the homocoupling of aryl chlorides, bromides, and iodides to produce
biaryls and bipyridines in good yields. The reported new approach provides a simple access to novel derivatives

of biaryls and bipyridines.

The nickel-catalyzed homocoupling of aryl halides?
has received considerable attention in recent years,
because the reaction proceeds under very mild condi-
tions as compared with the classical Ullmann condi-
tions to give the corresponding biaryls in relatively
good yields, and because many functional groups such
as aldehyde or ketone do not interfere in the coupling
of halides. The yield of biaryls in the coupling re-
action has been found to be dependent on a suitable
choice of zerovalent nickel complexes, solvents, and
additives such as iodide, bromide, or triphenylphos-
phine. Semmelhack’s early investigation on this
coupling was carried out using stoichiometric amounts
of air-sensitive bis(1,5-cyclooctadiene)nickel(0) in N,N-
dimethylformamide (DMF).® Kende? has demon-
strated that an effective coupling of aryl bromides and
iodides proceeds by stoichiometric amounts of Ni-
(PPhs)s® which is generated in situ in DMF from
NiCle(PPhs)z, PPhs, and zinc [the molar ratio=1:2:1].
Kumada and Tamao® improved Kende’s method and
presented that the coupling reaction proceeds catalyti-
cally using 5 molar% of nickel(II) complex and stoi-
chiometric amounts of zinc in the presence of excess
PPhs in DMF. Because of the wide applicability of
this nickel-catalyzed coupling reaction, many alterna-
tive methods, improvements and modifications have
been reported up to date.”-19

Recently, we have reported an efficient homocou-
pling of organic halides using an active nickel com-
plex® which is generated in situ by reduction of
NiXz(PPhs); with zinc in the presence of Et4NI. This
active nickel complex is effective for the coupling of
aryl halides to produce biaryls in good to high yields.
Many groups have reported that iodide ion causes an
acceleration of the nickel-catalyzed coupling re-
actions.®.8.9,11,13-15 However, our method reported in
this paper possesses several advantages: (a) no addition-
al PPhs is necessary for the preparation of the catalyst;
(b) tetrahydrofuran (THF) can be employed as solvent
instead of DMF; (c) the coupling of aryl chlorides
proceeds smoothly under the reaction conditions.
Thus, the present study describes the efficient method
for the preparation of biaryls and bipyridines.

NiXz(PPh3)2
—

SO LG, 0

Zn, EtsNI
(x:Cl,Br, 1) THF
1 2
NiX2(PPh;3)2
Zn, Et4NI
T
3 HF a

Results and Discussion

Synthesis of Biaryls. We initially studied the
reductive coupling of bromobenzene with NiXa(PPhs);
and zinc in the presence of Et4NI (Eq. 3 and Table 1).
The nickel-catalyzed coupling of bromobenzene in
various solvents (50 °C, 2 h) proceeds smoothly in the
presence of 1 equiv of EyNI to give biphenyl in good
yields. Nickel-catalyzed coupling of aryl halides was
reported to proceed smoothly only in the dipolar
aprotic solvents such as DMF,3.4.® N ,N-dimethylacet-
amide,’¥ hexamethylphosphoric triamide (HMPA),®
and N-methyl-2-pyrrolidone,® because these solvents
can play a role as donor ligands which stabilize the

e —— OO o

Table 1. Coupling of Bromobenzene with
NiX2(PPhs)s and Zn in the

Presence of EtsNI?

Catalyst Solvent Isolated yield/%
NiCly(PPhs)s THF 92
NiBrg(PPhs)2 THF 94
Nil(PPhs)s THF 94
NiBra(PPhs)2 DMF 84
NiBrz(PPhs)2 CHsCN 88
NiBra(PPhs)z Acetone 80

a) Bromobenzene (10 mmol), NiXy(PPhs)2 (1 mmol),
Zn (15 mmol), and Et4NI (10 mmol) were used, and
reactions were carried out at 50°C for 2 h.
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Table 2. Coupling of Aryl Bromides with
NiBry(PPhs) and Zinc in the Presence
or Absence of Et;NI?

Substrate

R Ets2NI/mol% Time/h Yield/%
H 0 1.5 75
H 10 1.5 99
H 50 1.5 96
H 100 2 94
p-COOMe 0 5 85
p-COOMe 10 4 90
p-COOMe 50 4.5 86
p-COOMe 100 4 86
p-OMe 0 8 61
p-OMe 10 4 72
p-OMe 50 2.5 73
p-OMe 100 1.5 66
0-COOMe 0 24 68
0-COOMe 20 24 79
0-COOMe 100 24 90

a) Aryl bromide (5 mmol), NiBrz(PPhs)2 (0.5 mmol),
and Zn (7,5 mmol) were used, and reactions were carried
out at 50°C in THF.

intermediate and facilitate the coupling reaction.
However, our results demonstrate the coupling re-
action to take place cleanly in THF, acetonitrile, and
acetone, when the reaction is carried out in the
presence of EuNT.

In order to clarify the effect of EtsNI, we examined
the coupling reactions of aryl bromides using NiBrs-
(PPhs)2 and zinc in the presence or absence of EtsNI
(Eq. 4 and Table 2). Although the nickel-catalyzed

S SO, @

10 mol®. NiBrz(PPh;3);

Zn, 0-100 mol®e EtsNI
THF

coupling of benzyl chloride in the absence of Et4sNI
gives bibenzyl in a very low yield,162 the reaction of
aryl bromides produces biaryls without Et4NI in
moderate yields and 10 mol% of EtNI is effective
enough to raise the yields of biaryls except for o-
substituted derivatives which may be delayed the re-
action rate due to the steric repulsion. In the case of
iodobenzene, the nickel-catalyzed coupling gave bi-
phenyls either in the presence or absence of Et4NI in
high yields.

Taking into account the results shown in Table 2,
we carried out the coupling of p- and m-substituted
aryl halides using NiBry(PPhs), and zinc in THF in
the presence of 10 mol% of EtsNI (Eq. 5 and Table 3).

(X: Cl, Br)

10 mol®o NiBr2(PPhg)

Zn, 10 mol®/e EtsNI
THF

The p- and m-substituted aryl bromides gave the
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Table 3. Coupling of Aryl Halides Having p-
and/or m-Substituents with NiBra(PPhs)s
and Zinc in the Presence of
10 mol% of EtsNI?

Substrate

R X Time/h Yield/%
p-CHs Br 4 89
p-COCH3 Br 20 71
p-CHO Br 20 75
m-COOCH3 Br 20 85
p-OCHs Cl 20 67
p-CHs Cl 5 81
p-COCH3 Cl 20 73
p-CHO cl 20 70
p-COOCH3 Cl 20 85
m-COOCH3 Cl 20 81
p-OCHs, m-CHs Cl 20 57

a) Aryl halide (5 mmol), NiBrg(PPhs)z (0.5 mmol), Zn
(7.5 mmol), and Et4NI (0.5 mmol) were used, and
reactions were carried out at 50°C in THF.

Table 4. Coupling of o-Substituted Aryl Halides
with NiBrg(PPhs)z and Zinc in the
Presence of 1 equiv of Et4sNI?

Substrate

R X NiBrg(PPhs)2/mol% Time/h Yield/%
OCHz3s Br 50 46 81
CHs Br 20 5 83
COOCHs Br 20 24 90
Cl I 20 3 56

a) Aryl halide (5 mmol), NiBry(PPhs)s (1—2.5 mmol),
Zn (7.5 mmol), and Et4sNI (5 mmol) were used, and
reactions were carried out at 50°C in THF.

corresponding biaryls in good to high yields except for
p-chlorobromobenzene. Substituent groups such as
aldehyde, ketone, and ester are unreactive to nickel
species under the reaction conditions. However, p-
chlorobromobenzene resulted in the formation of
oligomers and polymer,!3.160 and gave no 4,4'-
dichlorobiphenyl. Therefore, the reactivity of aryl
chlorides with the active nickel complex may be
comparable to that of aryl bromides. As shown in
Table 3, the coupling of p- and m-substituted aryl
chlorides proceeds in a similar manner as that of aryl
bromides and produces biaryls in good yields. In the
case of p-methoxy or p-methoxy-m-methyl derivative,
the formation of 4-methoxy- or 3-methyl-4-methoxy-
biphenyl was observed as a by-product in 10—15%
yield.

For the reaction of o-substituted aryl halides (Eq. 6
and Table 4), 20—50 mol% of NiBrz(PPhs)z, 1.5 molar

@—x (6)

RR
(X:Br, I)

20-50 mol®s NiBra(PPhs)

Zn, 100 mol® EtsNI
THF



82 M. Ivopa, H. OT1suka, K. Sato, N. Nisato, and M. Obpa

equiv of Zn and 1 equiv of Et4sNI were employed. As
shown in Table 4, the coupling of aryl halides gave the
corresponding biaryls in good yields except for o-
chloro derivative. However, the stability of 2,2’-
dichlorobiphenyl under the reaction conditions may
be attributable to steric inhibition of the oxidative
addition to nickel.

Synthesis of Bipyridines. There is growing interest
in the chemistry of bipyridines, because of their
importance as ligands for the preparation of metal
complexes bearing catalytic activity, novel structure,
and host-guest interaction.!-20  Although many
synthetic methods of bipyridines have been known so
far, the most convenient method for the synthesis of
bipyridine derivatives seems to be the coupling of
halopyridines using transition metal catalysts such as
copper halides,2? palladium catalysts,?22 or nickel
complexes.2?

In agreement with this prospect, the coupling of
halopyridines proceeds smoothly under similar re-
action conditions described in the preceding section
(Egs. 7 and 8). Since bipyridines tend to make stable

= 30 mol® NiBrz(PPh;3); = =
\ /X Wa (M
N Zn. 10-100 mol*/s EtaNI N N
5:X = Br THF 6
7:X=Cl
=\ _ 30 mol% NiBrPPhsfy /=\ /=
(\}Bf N N\ ®)
N Zn, 100 mol%% Et.NI N N
8 THF °
(73 %)

complexes with nickel, 0.3 equiv of NiBra(PPhs)2 was
used for the coupling of halopyridines in the presence
of excess amounts of zinc as a reducing metal. As
shown in Table 5, the reaction of 2-halopyridines (5
and 7) with the nickel complex prepared from
NiBrz(PPhs)e, zinc, and Et4NI is slower than that of
chloro- or bromobenzene, but the effect of Et4NI was
remarkable. Thus, 2,2’-bipyridine (6) was obtained
from 2-bromopyridine (5) in 72% yield in the presence
of an equimolecular amount of Et4sNI, but only in 3%

Table 5. Coupling of 2-Halopyridines (5 and 7)
with NiBrg(PPhs)2 and Zinc in the
Presence of Et4NI?

EtsNI1/ . Yield of
Substrate X mol% Time/h 6/%
5 Br 10 20 3
5 Br 50 20 24
5 Br 100 20 72
7 Cl 100 30 60

a) 2-Halopyridine (10 mmol), NiBra(PPhs)2, Zn (15
mmol), and EtsNI (1—10 mmol) were used, and reac-
tions were carried out at 50°C in THF.
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yield in the presence of 10 mol% of this compound.
The homocoupling of 2-chloropyridine (7) under
similar conditions in the presence of 1 equiv of Et4NI
also gave 2,2’-bipyridine (6) in 60% yield.

In the case of 3-bromopyridine (8), the reaction of 8
under similar conditions used for 5 and 7 afforded 3,3’-
bipyridine (9) in 73% yield.

The coupling reaction is also applicable to sub-
stituted halopyridines, and carbonyl groups are un-
reactive to the nickel complex (Eqs. 9—11). Thus,
methyl 2-chloronicotinate (10) and methyl 5-bromo-
nicotinate (12) gave the corresponding bipyridines 11
and 13 in 53 and 69% yields, respectively. 2-Chloro-6-
methoxypyridine (14) gave 6,6’-dimethoxy-2,2’-bi-
pyridine (15) in 90% yield.

Me0;C Me02C COzMe
— NiBr2(PPh;3)2 — =
\ ~—Cl \ O 9)
N Zn, EtuNI, THF N
10 (53°%) 11
MeO3C MeOzC COzMe
@_Br NiBr2(PPha) oY 10)
/ - /AW,
N Zn, Et4NI, THF N N
12 (69%) 13
— NiBr2(PPh3)2 - =
\ ~Cl \ t{l }“ / 11
MeO Zn, EteN], THF MeG OMe
14 {90%) 15

Furthermore, homocoupling of haloquinolines pro-
ceeds smoothly to give biquinolines (Egs. 12—14).
Thus, the coupling of 2-chloro-, 3-bromo-, and 4-
chloroquinolines (16, 18, and 20) afforded the corre-
sponding biquinolines 17, 19, and 21 in 84, 61, and
77% vyields, respectively.

O <N
NZ N

QL
N’>Cl  Zn, EWNI, THF S

16 (84°%) 17

X Br
O
18 (61°%) 19
Cl ~N
(I\j NiBr2(PPh)z - O a4
N Zn, EtaNI, THF @ X
77°%) N

20 21

NiBrz2(PPh3)2

NiBr2(PPh3)2

Zn, EtuNI, THF

Biisoquinolines were prepared in very low yields by
treating the appropriate bromoisoquinolines with
copper under the conditions of the Ullmann reaction.
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In addition, the synthetic methodology for access to
biisoquinolines is still very limited. Nickel-catalyzed
coupling can be also applied to the synthesis of bi-
isoquinolines (Egs. 15 and 16). Thus, the coupling of
1-chloro- and 4-bromoisoquinolines (22 and 24) gave
1,1’- and 4,4’-biisoquinolines (23 and 25) in 37 and
60% yields, respectively. Reaction of 1-chloroiso-
quinoline (22) with the nickel catalyst proceeds very
fast at 50°C and the reaction at 30°C for 4h also
produces 23 in 31% yield.

S NiBr2(PPh3): =
@ _— Nx
Zn, Et4N1, THF
: o
(37°b) =

(15)

22 23
Br N=
NiBr2(PPh3); N
N
o ( a6)
Zn, ELNI, THF @
~N
24 (60°%) 25

Mechanism. Several reaction mechanisms have
been proposed for the nickel-catalyzed coupling of aryl
halides. The most simple and intelligible mechanism
involves the oxidative addition of aryl halides to zero-
valent nickel (Eq. 17), followed by methathesis to
diarylnickel(Il) species and nickel halides (Eq. 18).
Reductive elimination from diarylnickel(II) species
gives biaryls and regenerates nickel(0) (Eq. 19).
However, the formation of diarylnickel(II) species via
methathesis has not been demonstrated in detail and is
still controversial.

ArX . Ni0 o,  ArNiIXL, (17)
2ArNiIXL,  ——— ArNiIL; « NiTXaL, (18)
ArNill, — = Ar-Ar + N0 (19)

Recently, a new mechanism, which involves nickel(I)
and nickel(ITT) species as the intermediates, has been
postulated by two groups (Scheme 1).1429  The
proposed key steps are the zinc-mediated or electro-

ArX

i0 a I

12znlx, M b ANIX 70
(5) (2)
1/2 Zn0 12 ZnIIX;
Nilx ArNil
(4) (3)
Ar-Ar /Arx

AraNilEX
Scheme 1.
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chemical reduction of ArNillX to ArNi! (step 2).
Oxidative addition of ArNi! to aryl halides (step 3),
followed by reductive elimination yields biaryls (step
4). The nickel-catalyzed aryl coupling in the presence
of EuNI in THF can be also explained by a similar
mechanism which involves ArNi! and ArpNiltX
species. Tsou and Kochi suggested a radical chain
process which involves the oxidative addition of ArX
to Ni'X to produce ArNil'"X,.29 However, the reaction
of bromobenzene with 1 equiv of NiI(PPhg)s in THF at
50°C produced biphenyl only in very low yield
(<1%).29

Although Colon already reported an effective
method for nickel-catalyzed coupling of aryl halides,!?
there are some differences between Colon’s method
and our conditions described here. At first, Colon
reported that the coupling of aryl halides with nickel
complex proceeds in the order chloride>bromide=
iodide. However, aryl halides react with nickel
complex by our method in the order iodide>>bro-
mide>chloride. The reaction of a 1:1 mixture of
iodobenzene and chlorobenzene with the nickel cata-
lyst, which was generated in situ from NiBry(PPhs)e,
zinc, and EuNI in THF, was monitored (Fig. 1). The
reaction between iodobenzene and the nickel catalyst
occurred in the first step, and most of chlorobenzene
remained unreacted until iodobenzene had been con-
sumed. After 45 min, a large portion of iodobenzene
reacted, and chlorobenzene began to react with the
nickel catalyst. After 90 min, the coupling reaction
was completed, and the formation of biphenyl reached
to nearly maximum. Under similar conditions,

100

I mol®

50

Concentration

0 5 30 45 60 75 %0 120
Reaction period [/ min

Fig. 1. Time dependence of the reaction components
of the coupling for a mixture of iodobenzene
(25 mmol) and chlorobenzene (25 mmol) with
NiBra(PPhs)z (5 mmol) and zinc (75 mmol) in the
presence of Et4NI (50 mmol) in THF (75ml) at
40°C. Plots of the observed molar concentrations
of iodobenzene (O), chlorobenzene (@), and biphen-
yl (A) vs. time.
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bromobenzene reacted somewhat faster than chloro-
benzene. Interestingly, chlorobenzene was consumed
in the presence of iodobenzene more smoothly
compared with the reaction of chlorobenzene alone.

Colon reported the acceleration of the nickel-
catalyzed aryl-coupling with halide ions such as
bromide or iodide. Although iodide accelerates
coupling reactions markedly, no acceleration with
bromide was observed in our case. Thus, the reaction
of bromobenzene with the nickel catalyst prepared
from NiBra(PPhs): and zinc in the presence of Et4NBr
in THF occurs at the same rate at which the reaction of
bromobenzene with the in situ generated Ni(PPhs),
proceeds in THF.

Tamao and Kumada explained the role of iodide as
a bridging ion between nickel and zinc in the electron-
transfer processes.® The acceleration of the reaction
caused by iodide was reported for the case of an
activated nickel powder which is free from zinc.!? In
addition, the UV and 3P NMR spectra of the active
nickel catalyst described in this article were different
from those of Ni(PPhs)s.? Therefore, iodide may play
an important role for the acceleration of the coupling
as a bridging ligand, although it is difficult to detect
the true activated state or species.

For the homocoupling of m- or p-substituted aryl
halides, the presence of 10 mol% of iodide ion is
enough to produce biaryls, presumably owing to the
recyclable use of iodide. However, 1 equiv of iodide is
required for the reactions of either o-substituted aryl
halides or halopyridines.

Most useful in our method is that the nickel-
catalyzed coupling proceeds smoothly without an
addition of PPhs in a nonpolar solvent such as THF.
The addition of PPhs or the use of dipolar aprotic
solvents such as DMF, HMPA, or N,N-dimethylacet-
amide cause problems frequently in isolating the
coupled products.

In conclusion, we have shown that a variety of
biaryls and bipyridines can be prepared in moderate to
good yields by using the coupling of aryl halides with
the nickel catalyst prepared from NiBry(PPhs): and
zinc in the presence of EyNI in THF.

Experimental

General. 'H and BCNMR spectra were recorded on a
Varian XL-100, or JEOL JNM-PMX60Si and JNM-FX90Q
instruments. Spectra were recorded in d referenced to Me4Si.
IR spectra were observed on a Hitachi EPI-G3 spectrometer.
Mass spectral analysis (MS) were performed on a JEOL JMS-
O1SG-2 instrument. Melting points were determined on a
Mettler FP-2 apparatus and are uncorrected. Column
chromatography was carried out with use of Daisogel
1001 w, Merck Silica Gel 60, 70—230 mesh, or Neutral
Alumina Act. II—III, 70—230 mesh. Analytical TLC was
performed by using plates (0.25 mm) prepared from Merck
Silica Gel GF-254.

Materials. NiBra(PPhs); 2? was prepared from 1 equiv of

[Vol. 63, No. 1

NiBrz: and 2 equiv of PPhs in refluxing l-butanol and
purified by continuous extraction with 1-butanol in a Soxlet
extractor, followed by heating at 80°C under reduced
pressure. NiCly(PPhs)s and Nily(PPhs): were prepared by
literature methods.2"-28 Zinc powder was washed successive-
ly with dil hydrochloric acid, water, ethanol, acetone, and
diethyl ether, and dried under reduced pressure. Tetraethyl-
ammonium iodide was purchased from Tokyo Kasei Kogyo
Co. and dried at 100 °C under reduced pressure. All solvents
were dried by conventional procedures. Reactions involving
air-sensitive organometallic reagents were carried out under
nitrogen or argon atmosphere.

General Procedure for Table 1. Coupling of Bromo-
benzene. A 50-ml, round-bottomed, two-necked flask con-
taining a magnetic stirring bar was charged with 1 mmol of
NiXz(PPhs)z (X=Cl, Br, or I), 981 mg (15 mmol) of zinc dust
and 2.57 g (10 mmol) of E4NI. A rubber septum was placed
over one neck of the flask and a 3-way stopcock adapter
attached with an argon-filled balloon in the other. The flask
was evacuated and filled with argon several times (vacuum
line). Dry THF, DMF, acetonitrile, or acetone (10 ml) was
added via syringe through the septum. The reaction mixture
was stirred at room temperature. After the dark brown
catalyst had formed (30 min), an argon-purged solution of
1.57 g (10 mmol) of bromobenzene in the same solvent (5 ml)
was added via syringe to the reaction mixture. The resulting
mixture was heated at 50 °C for 2 h, and then filtered. The
solid mass was washed with benzene, and the filtrate and
washings were evaporated in vacuo. The residue was
separated by column chromatography on silica gel (50 g)
using hexane as eluent to give biphenyl in yields shown in
Table 1. Mp 68—69 °C (1it,2? 71 °C).

General Procedure for Table 2. Coupling of Aryl Bro-
mides. In a 50-ml round-bottomed, two-necked flask
containing a magnetic stirrer bar and stoppered with a
rubber septum were placed 372 mg (0.5 mmol) of NiBre-
(PPhs)z, 491 mg (7.5 mmol) of zinc dust and various amounts
of EuNI. The flask was degassed with argon, and dry THF
(10 ml) was added via syringe through the septum, and the
reaction mixture was stirred at room temperature for 30 min.
An argon-purged solution of 5 mmol of aryl bromides in
THF (5 ml) was added and the resulting mixture was heated
at 50 °C for 1.5—24 h. After the reaction had been completed
(monitored by TLC), the mixture was filtered and washed
with dichloromethane. The filtrate and washings were
evaporated in vacuo, and the residue was chromatographed
on silica gel (50 g) to give the corresponding biaryls in yields
shown in Tabie 2.

Dimethyl 1,1’-Biphenyl-4,4’-dicarboxylate:
216.5 °C (1it,3» 215—217 °C).

4,4’-Dimethoxybiphenyl: Mp 175.5—176.5 °C (lit,3? 176.5—
177 °C).

Dimethyl 1,1’-Biphenyl-2,2’-dicarboxylate:
°C (1it,3 73—74°C).

General Procedure for Table 3. Coupling of Aryl Halides
Having p- and/or m-Substituents. In a 50-ml round-
bottomed, two-necked flask containing a magnetic stirrer bar
and filled with argon and stoppered with a rubber septum
were placed 372 mg (0.5 mmol) of NiBry(PPhs),, 491 mg
(7.5 mmol) of zinc dust, and 129 mg (0.5 mmol) of EtsNI. Dry
THF (10 ml) was added, and the reaction mixture was stirred
at room temperature for 30 min. An argon-purged solution

Mp 215.5—

Mp 72—73



January, 1990]

of 5 mmol of aryl halides in THF (5 ml) was added and the
resulting mixture was stirred at 50 °C for 4—20 h. After
separation of inorganic precipitates by filtration, the
precipitates were washed with benzene. The filtrate and
washings were evaporated in vacuo, and the residue was
chromatographed on silica gel (50 g) to give the correspond-
ing biaryls in yields shown in Table 3.
4,4’-Dimethylbiphenyl: Mp 117—119 °C (1it,3 121 °C).
4,4’-Diacetylbiphenyl: Mp 189—190 °C (1it,3¥ 191 °C).
4,4’-Diformylbiphenyl: Mp 145—145.5 °C (lit,39 145 °C).

Dimethyl 1,1’-Biphenyl-3,3’-dicarboxylate: Mp 102—103
°C (1it,35-38 103 °C).

4,4’-Dimethoxy-3,3’-dimethylbiphenyl:
(1it,®” 154.5°C).

General Procedure for Table 4. Coupling of o-Substituted
Aryl Halides. To the nickel catalyst prepared from 1—
2.5 mmol of NiBre(PPhs)2, 491 mg (7.5 mmol) of zinc, and
1.29 g (5 mmol) of Et4NI in THF (10 ml), was added a
solution of 5 mmol of aryl halides in THF (5 ml), and the
mixture was stirred at 50 °C for 3—46 h. After separation of
inorganic precipitates by filtration, the precipitates were
washed with benzene. The filtrate and washings were
evaporated in vacuo, and the residue was chromatographed
on silica gel (50 g) to give the corresponding 2,2’-biaryls in
yields shown in Table 4.

2,2’-Dimethoxybiphenyl:
155 °C).

2,2’-Dimethylbiphenyl: Bp ca. 100°C/8 Torr (1 Torr=
133.322 Pa) (lit,8 69 °C/0.5 Torr).

2,2’-Dichlorobiphenyl: Mp 52—55 °C (1it,3® 59 °C).

General Procedure for Table 5. Coupling of 2-Halopyri-
dines (5and 7). To the nickel catalyst prepared from 2.23 g
(3 mmol) of NiBrz(PPhs)2, 981 mg (15 mmol) of zinc, and
1—10 mmol of Et4NI in THF (20 ml), was added a solution
of 10 mmol of 2-halopyridines (5 or 7) in THF (10 ml), and
the mixture was stirred at 50 °C for 6—30 h. The reaction
mixture was poured into 2M aqueous ammonia (100 ml;
1 M=1 mol dm=3), and ether (50 ml) and benzene (50 ml)
were added. Precipitates were filtered and the organic layer
was separated. The aqueous layer was extracted with
ether/benzene (1:1) (50 m1X2). The combined organic layers
were washed successively with water and saturated aqueous
NaCl solution, dried with anhydrous MgSOs, and evapo-
rated in vacuo. The residue was chromatographed on silica
gel (50g) using benzene/ether as eluent to give 2,2’-
bipyridine (6) in yields shown in Table 5. Mp 67.5—69.5°C
(lit,28) 71—72 °C).

3,3’-Bipyridine (9). To the nickel catalyst prepared from
2.23 g (3 mmol) of NiBrg(PPhs)z, 981 mg (15 mmol) of zinc,
and 2.57 g (10 mmol) of Et4NI in THF (20 ml), was added a
solution of 1.58 g (10 mmol) of 3-bromopyridine (8) in THF
(5ml). After stirring at 50 °C for 6 h, the mixture was poured
into 2M aqueous ammonia (100 ml). Benzene (50 ml) and
ethyl acetate (50 ml) were added, and precipitates were
separated. The aqueous layer was extracted with benzene/
AcOEt (1:1) (50 mIX2). The organic layer was washed
successively with water and saturated aqueous NaCl
solution, dried with anhydrous MgSOys, and evaporated in
vacuo. The residue was chromatographed on silica gel (50 g)
(benzene/AcOEt — AcOEt) to give 3,3’-bipyridine (9) (573
mg, 73%); bp ca 130 °C/0.1 Torr (1it,3? 162—164 °C/8 Torr).

3,3’-Bis(methoxycarbonyl)-2,2’-bipyridine (11). To the

Mp 151—153°C

Mp 154—155°C (1it,®® 154—
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nickel catalyst prepared from 1.12g (1.5 mmol) of NiBre-
(PPhs)z, 490 mg (7.5 mmol) of zinc, and 1.29 g (5 mmol) of
EuNI in THF (15ml), was added a solution of 858 mg
(5 mmol) of methyl 2-chloronicotinate (10) in THF (5 ml).
After stirring at 50 °C for 3 h, the mixture was poured into
2 M aqueous ammonia (50 ml). To the resulting mixture
was added chloroform and precipitates were filtered. The
organic layer was separated and the aqueous layer was
extracted with chloroform. The combined organic layers
were washed successively with water and saturated aqueous
NaCl solution, dried with anhydrous MgSQOs, and evapo-
rated in vacuo. The residue was passed through a short
alumina column (benzene/AcOEt 4:1) and then chromato-
graphed on silica gel (50 g) using benzene/AcOEt as eluent
to give 11 (360 mg, 53%); mp 150.5—151.0 °C (1it,202 151 °C);
!H NMR (100 MHz, CDCls) 6=3.68 (s, 6H), 7.46 (dd, J=5.0,
8.0 Hz, 2H), 8.39 (dd, j=2.0, 8.0, 2H), 8.81 (dd, /=2.0, 5.0 Hz,
2H).

5,5’-Bis(methoxycarbonyl)-3,3’-bipyridine (13). To the
nickel catalyst prepared from 1.12g (1.5 mmol) of NiBre-
(PPhs)z, 490 mg (7.5 mmol) of zinc, and 1.29 g (1.5 mmol) of
EtuNI in THF (15ml), was added a solution of 1.08g
(5 mmol) of methyl 5-bromonicotinate (12) in THF (5 ml).
After stirring at 50 °C for 20 h, the mixture was poured into
2M aqueous ammonia (30 ml). Chloroform (100 ml) was
added, and precipitates were filtered. The aqueous layer was
extracted with chloroform (50mlX2). The combined
organic layers were washed with water and aqueous NaCl
solution, dried with MgSOy, and evaporated in vacuo. The
residual solid was triturated by CH2Cl: to give 13 (459 mg,
67%); mp 226—226.5 °C (from benzene); IR (KBr) 1727 cm~1;
1H NMR (400 MHz, CDCls) 6=4.02 (s, 6H), 8.55 (m, 2H),
9.05 (br s, 2H), 9.29 (br s, 2H); 3C NMR (100 MHz, CDCls)
6=52.71 (CHs), 126.43 (C-3), 132.45 (C-5), 135.48 (C-4), 150.68
(C-2), 151.59 (C-6), 165.34 (CO); MS m/z 272 (M*). Found:
C, 61.54; H, 4.39; N, 10.18%. Calcd for C14H12N204: G, 61.76;
H, 4.44; N, 10.29%.

6,6’-Dimethoxy-2,2’-bipyridine (15). To the nickel cata-
lyst prepared from 2.23 g (3 mmol) of NiBrz(PPhs)z, 981 mg
(15 mmol) of zinc, and 2.57 g (10 mmol) of E4NI in THF
(20 ml), was added a solution of 1.44 g (10 mmol) of 2-chloro-
6-methoxypyridine (14) in THF (5ml). The mixture was
stirred at 50 °C for 20h. Aqueous workup and chromatog-
raphy on silica gel (50 g) using hexane/benzene as eluent to
give 15 (975 mg, 90%), mp 119—119.5°C (lit,%% 118—119
°C).

General Procedure for the Coupling of Haloquinolines
16, 18, and 20. A solution of 5 mmol of haloquinolines 16,
18, or 20, in THF (5 ml) was added to a suspension of the
nickel catalyst in THF (15ml) [prepared from 1.12g
(1.5 mmol) of NiBry(PPhs)s, 490 mg (7.5 mmol) of Zn, and
1.29 g (5 mmol) of EuNI]. The mixture was stirred at 50 °C
for 20 h. Aqueous workup and chromatography on silica gel
(benzene/AcOErt) to give biquinolines 17, 19, or 21 in 84, 61,
or 77% yields, respectively.

2,2’-Biquinoline (17); mp 194—195.5°C (lit,*® 196 °C).

3,3’-Biquinoline (19); mp 268.5—269°C (lit,4? 271 °C);
1H NMR (100 MHz, CDCls) 6=7.56—8.15 (m, 6H), 8.20 (dd,
J=0.5, 8.0, 2H), 8.45 (d, J=2, 2H), 9.29 (d, J=2, 2H).

4,4’-Biquinoline (21); mp 171—172°C (lit,2%.42 172—
173°C).

1,1’-Biisoquinoline (23). A solution of 1.64 g (10 mmol)
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of 1-chloroisoquinoline (22) in THF (5 ml) was added to a
suspension of the nickel catalyst in THF (20 ml) [prepared
from 2.23 g (3 mmol) of NiBrs(PPhs)z, 981 mg (15 mmol) of
Zn, and 2.57 g (10 mmol) of Et4NI]. The mixture was stirred
at 50 °C for 18 h. Aqueous workup and chromatography on
silica gel (benzene/AcOEt) to give 1,1’-biisoquinoline (21)
(473 mg, 37%); mp 162.5—164 °C (1it,4-43 164—165 °C).

4,4’-Biisoquinoline (25). A solution of 2.08 g (10 mmol)
of 4-bromoisoquinoline (24) in THF (5 ml) was added to a
suspension of the nickel catalyst [prepared from 2.23 g
(3 mmol) of NiBrz(PPhs),, 981 mg (15 mmol) of Zn, and
2.57 g (10 mmol) of Et4NI]. The mixture was stirred at 50 °C
for 20 h. Aqueous workup and chromatography on silica gel
(benzene — AcOEt) to afford 25 (763 mg, 60%); mp 147—
148 °C (lit,*¥ 149 °C).

The authors wish to thank Professor Kenkichi
Sonogashira for his helpful discussions. The authors
also wish to thank Mr. Tomoaki Okada for measuring
properties of 9 and 21.
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Asymmetric Synthesis of a-Amino-S-hydroxy Acids Using
a Chiral Pyridoxal-Like Pyridinophane-Zinc Complex
as an Enzyme Mimic; Scope and Limitation

Makoto ANDO,* Jun WATANABE, and Hiroyoshi KuzuHara*
RIKEN (The Institute of Physical and Chemical Research), Wako-shi, Saitama 351-01
(Received August 9, 1989)

A chelate complex (4) with high homogeneity was precipitated upon stirring a mixture of zinc(II) ion and a
Schiff base produced from glycine and (R)- or (S)-15-formyl-14-hydroxy-2,8-dithia[9](2,5)pyridinophane, chiral
pyridoxal-like pyridinophane. A four-coordinated zinc chelate complex was newly proposed as the structure of
4. Aldol condensations between 4 and several aldehydes were attempted at pH 10.0. Only small linear chain
aldehydes, such as acetaldehyde and propionaldehyde, could react with 4 under these conditions to give the
corresponding a-amino-B-hydroxy acid in the range of 27—77% enantiomeric excess.

Since the pioneering studies of Snell? and Martell,?
many studies have been carried out that mimic
various vitamin Bs-dependent enzymes.? We have
succeeded in constructing a transaminase model which
uses zinc(I[) and 15-aminomethyl-14-hydroxy-2,8-di-
thia[9](2,5)pyridinophane (1)? or derivatives of 19 as
pyridoxamine-like pyridinophane derivatives with
planar chirality. The application of this type of chiral
system was further extended to the asymmetic synthe-
ses of allothreonine and threonine by simulating the
reaction of vitamin Bg-dependent aldolase, such as
serine hydroxymethyltransferase.® A zinc(II) chelate
complex of the Schiff base derivative of glycine and the
(R)- or (S)-enatiomer of 15-formyl-14-hydroxy-2,8-
dithia[9](2,5)pyridinophane (2) was a key substrate for
the aldolase model reaction, and showed some charac-
teristic features. This paper deals with a further
examination of such an aldolase model reaction in
order to confirm its scope and limitations.

0 i
NaO—C—CH, / \C\Hz
Q N
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R et _zi eH
HO. HO-_J CH,OH ‘0__/
| i
N S Nl S XN S
S\]\[\J S\!\]\l S\[\]\'
1 R=CH,NH, 3 4

2 R=CHO

As described in a previous paper,? the treatment of a
Schiff base derivative with zinc acetate (0.5 mole
equivalents) resulted in two chelate complexes show-
ing absorption maxima at 308 and 397 nm, respective-
ly, of which the latter product could undergo a
subsequent aldol condensation. In this study the zinc
complex was isolated in a different way. After glycine
had been coupled with (R)- or (S)-2 in the presence of
potassium methoxide in benzene-methanol or sodium
methoxide in methanol, a mixture containing the

resulting Schiff base (3) was stirred overnight with
0.6 mole equivalents of zinc acetate. Almost a pure
zinc chelate complex, showing absorption maximum
at 397 nm, was precipitated as an amorphous powder.
In contrast to the previous study, results of elemental
analyses strongly suggested that this complex had a
1:1 composition of the Schiff base and a zinc ion, like
4. Since the use of 0.75 or 1 mole equivalent of zinc
acetate to the Schiff base only resulted in the formation
of impurities without any increase in the yield of the
desired product, the 0.6:1 ratio of zinc to the Schiff
base seemed to be nearly optimum for the preparation
of the chelate complex. An excess of chiral 2 could be
recovered in high yield after acidic hydrolysis of the
filtrate. In order to obtain further evidence for the
composition of 4, a continuous variation method? was
employed; i.e., the absorbances at 397 nm were plotted
versus the concentration of the resulting 3, while the

Ng

Absorbance
=)
L]
(=)}
T

0.3 L L L \ L
0.2 0.5 0.8
(31
[3] + [zinc acetatel
Fig. 1. Application of a continuous variation meth-

od for determining the composition of the zinc com-
plex of 3 at 397 nm. The total concentration of 3
and zinc acetate was 0.25 mM.
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total concentration of 3 and zinc acetate was main-
tained at 0.25 mM (1 M=1 mol dm-3). As Fig. 1 shows,
such an examination also revealed that a complex
having a 1:1 molecular ratio of zinc to the Schiff base
was formed in a methanolic solution, suggesting thata
four-coordinated zinc chelate has the structure of 4.
Aldol condensations between 4 and various alde-
hydes were tested at 10.0 and at 27.0 °C. The basicity
of the reaction medium was fixed at pH 10.0, since a
higher basicity had been shown to decrease the enan-
tiomeric excesses of amino acids produced. At first, the
applicability of various aldehydes to the aldol conden-
sation with 4 was examined at 27.0 °C by using TLC.
Propionaldehyde reacted as smoothly as acetaldehyde
did, but the reactivity seemed to somewhat decrease in
the case of butyraldehyde. Reactions of octanal and
formaldehyde with 4 showed only a faint ninhydrin-
positive spot other than glycine. An examination of

R—CH=0+ 4 —2 1
COOH COOH
H,N——H H.N——H
2 —Zn2*
HO——H T H——OH +
R’ R’
(erythro) (threo)

the various aldehydes disclosed that this reaction was
applicable only to simple linear chain aldehydes.
Next, the reactions of acetaldehyde and propionalde-
hyde with 4 were examined in detail. Complex 4and a
large excess amount of aldehyde was stirred in a
mixture of aqueous buffer solution (sodium hydrogen-
carbonate-sodium hydroxide, pH 10.0) and methanol
at 27.0 or 10.0°C. After stirring for 12 or 24 h, the
reaction was ceased by the addition of diluted hydro-
chloric acid. Compound 2 was liberated while
maintaining full chirality, and was recovered almost
quantiatively by extraction with an organic solvent.
The remaining aqueous solution underwent succes-
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sive ion exchange chromatography on a strongly
acidic resin: first in hydrogen form (eluted with
aqueous ammonia for isolation of amino acids) and
then in pyridinium form (eluted with pyridine-formic
acid buffer solution at pH 3.1 for removal of glycine).
The ratio of erythro to the threo isomer of the isolated
a-amino-B-hydroxy acid mixture was determined by
measuring the ratio of the signals due to the a-protons
in their TH NMR spectra. Enantiomeric excesses of the
acids were determined by means of HPL.C on a chiral
stationary phase after esterification and N-3,5-dinitro-
benzoylation in the same way as described in a
previous paper.? The retention times measured for
each amino acid are shown in Table 1.

The results of aldol reactions of 4 with acetaldehyde
and propionaldehyde are summarized in Table 2,
which shows the following characteristics: (1) Erythro
isomers are dominant over threo ones regarding both
chemical yields and enantiomeric excesses. (ii) The
reaction temperature influences both the chemical
yields and enantiomeric excesses. Namely, a lower
temperature increases enantiomeric excesses, whereas
it decreases chemical yields. (iii) There is no remark-
able difference between acetaldehyde and propion-
aldehyde in the reaction products with 4. Table 2 also

Table 1. Retention Time
Amino acid Retentlt?n
time/min
(R)-Threonine 13.9
(R)-Allothreonine 16.3
(S)-Threonine 18.5
(S)-Allothreonine 22.8
(R)-threo-B-Hydroxynorvaline 17.3
(R)-erythro-B-Hydroxynorvaline 20.3
(S)-threo-B-Hydroxynorvaline 22.0
(S)-erythro-B-Hydroxynorvaline 26.8

Conditions:

Stationary phase: Sumipax OA-1000

Mobile phase: Hexane-1,2-dichloroethane-ethanol;
10:4:1 for threonine derivatives
12:4:1 for norvaline derivatives

Flow rate: 1 ml min—!
Detector: UV 254 nm/0.04 AVFS
Temperature: Room temperature

Table 2. Aldol Condensation between 4 and Aldehydes

Reaction conditions

Products (amino acids)

. Temp Time Total yield E? e.e )
Config of 2  Aldehyde -—OC—-— pH o % T % Abs config
S EtCHO 27.0 10.0 24 85 12 E50 T27 S
S EtCHO 27.0 10.0 12 75 14 E63 T49 S
S EtCHO 10.0 10.0 24 54 14 E75 T54 S
S MeCHO 27.0 10.0 12 83 16 E73 T50 S
S MeCHO 10.0 10.0 24 25 1.8 E77 T 50 S
R MeCHO 10.0 10.0 24 24 1.8 E69 T45 R

a) E: Erythro isomer; T: Threo isomer. b) Enantiomeric excess.
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illustrates that the use of (S)-2 in the aldol condensa-
tion produces (S)-amino acid in excess and vice versa,
and a longer reaction time decreases the enantiomeric
excesses. Although there is no rationalization yet for
these experimental results, it is noteworthy that these
types of aldol condensation reactions could proceed
using a zinc chelate complex, though neither iron(III)
nor copper(II) chelate complexes are effective.

Experimental

General. The melting point was determined in a
capillary tube using a Biichi melting-point apparatus and is
uncorrected. IR and UV-VIS absorption spectra were
obtained with Shimadzu IR 27G and Varian-Cary 2290
spectrometers, respectively. 1H NMR spectra were taken on a
JEOL JNM GSX 500S (500 MHz) in a D20 solution. TLC
was performed by precoated aluminium sheets from E.
Merck (silica gel 60 Fas4 0.2 mm-thick for N-acylamino acid
methyl esters, and cellulose Fass 0.1 mm-thick for amino
acids). The solvent systems were as follows: chloroform-
methanol (50:1 v/v) for silica gel, and ethanol-water-con-
centrated aqueous ammonia (18:1:1 v/v) for cellulose
(developed repeatedly for 2—3 times). Silica-gel column
chromatography was performed using silica gel 60 (Merck,
No. 7734, 0.063—0.200 mm in particle size). HPLC was
carried out with a Hitachi 635A Liquid Chromatograph on a
chiral Sumipax OA-1000 column (5 pm in particle size, and
4 mm IDX250 mm in column size).

Preparation of Metal Complex. A typical procedure is
described. Solid (S)-2 (567 mg, 2 mmol) was added in one
portion to a solution of glycine (150 mg, 2 mmol) and
sodium methoxide (130 mg, 2.4 mmol) in methanol (48 ml).
After 1.5, solid zinc acetate dihydrate (263 mg, 1.2 mmol)
was added to the resulting solution of 3 and stirred
overnight. Meanwhile, precipitates of 4 appeared, which
were separated by filtration (403 mg, 77% based on zinc
acetate): MP>280 °C; UV-VIS (MeOH) 397 nm (¢ 7.3X103);
IR (KBr disk) 1615 cm~! (C=0). Found: C, 43.79; H, 4.93; N,
6.63; S, 14.78; Zn, 15.30%. Calcd for Ci15H1s8N203S2ZnCHsOH:
C, 44.09; H, 5.09; N, 6.43; S, 14.71; Zn, 15.00%.

The filtrate was acidified to pH 1—2 by adding diluted
hydrochloric acid and extracted with ethyl acetate. From the
organic extract (S)-2 was recovered (0.28 g).

Aldol Condensation. A typical procedure is described. A
solution of 4 (131 mg, 0.3mmol) in 0.05M sodium
hydrogencarbonate-sodium hydroxide buffer solution (ad-
justed to pH 10.0, 75 ml) and methanol (25 ml) was treated
with 20% solution of propionaldehyde in methanol (10 ml,
34.4mmol) for 24 h at 27.0°C. Then, dilute hydrochloric
acid was added to the reaction mixture and evaporated. The
residue was extracted with ethyl acetate-water at pH 1—2,
and the aqueous extract was concentrated to ca. 10 ml and
placed on an Amberlite CG 120 column (H* form, 100—200
mesh, 50 ml). The column was eluted with water (1 1) and
then with 0.1 M aqueous ammonia; the latter eluate was
concentrated. At this stage, the reactivity of the aldehyde was
qualitatively determined by a comparison of ninhydrin-
positive spots of amino acids on cellulose TLC plate using a
0.1-fold scale of the starting materials. The residue was
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dissolved in a 0.1 M pyridine-formic acid buffer solution
(pH 3.1, 2ml) and placed on an Amberlite CG 120 column
(pyridinium form, 100—200 mesh, 50 ml). The column was
chromatographed with 0.1 M pyridine-formic acid (pH 3.1)
to give a mixture of erythro- and threo-B-hydroxynorvalines®
(33.8 mg, 85%) and then glycine unreacted (1.3 mg, 6%).

Determination of the Enantiomeric Excess. A solution of
a mixture of erythro- and threo-B-hydroxynorvalines (10 mg)
in 10% hydrogen chloride-methanol (5ml) was stirred at
50 °C for 2h and the solvent was evaporated. The residue
was dissolved as much as possible in THF (5ml), and the
mixture was treated with triethylamine (0.05 ml) and solid
3,5-dinitrobenzoyl chloride (30 mg) for 1 h at room tempera-
ture. After evaporation of the solvent, the residue was
dissolved in chloroform, washed successively with 1M
hydrochloric acid, 5% sodium hydrogencarbonate, and
water, and dried over anhydrous magnesium sulfate. After
concentration of the solvent, the residue was placed on a
silica-gel column and eluted with chloroform-methanol
(50:1 v/v) as the eluent. The mixture of methyl esters of
N-3,5-dinitrobenzoyl amino acids produced was dissolved in
chloroform (5ml) and injected into HPLC (2pl). The
conditions of HPLC and the retention times were described
in Table 1.

The authors wish to express their thanks to Miss
Mutsuko Yoshida and her coworkers of this Institute
for elemental analyses and to Dr. Jun Uzawa and Mrs.
Tamiko Chijimatsu of this Institute for the measure-
ments of TH NMR spectra.

This study was performed through Special Co-
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(8)-4-Nitro-

2-butanol as a Source to Synthesize Natural Products

Kaoru Nakamura,* Takashi Kirayama, Yoshihiko INnour, and Atsuyoshi OHNO

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611
(Received August 18, 1989)

(S)-(+)-4-Nitro-2-butanol (1) obtained by the stereoselective reduction of 4-nitro-2-butanone by bakers’
yeast was employed for the syntheses of natural products. A precursor of (+)-brefeldin A is synthesized starting
from this chiral building block by 10 steps short-cut procedure compared with the shortest method so far
reported. (S)-(+)-Sulcatol is obtained in much better enantiomeric purity than those reported. The reactivity of
1 in base-catalyzed condensations with Michael acceptors or aldehydes is largely affected by a base employed as

the catalyst.

In a previous paper of the series from our laboratory,
it was reported that enantiomerically pure (S)-(+)-4-
nitro-2-butanol ((S)-1) and (S)-(+)-5-nitro-2-pentanol
((S)-2) are obtained easily from the corresponding
nitro ketones by the reduction with bakers’ yeast.V
Since the electron-withdrawing property of a nitro
group activates its a-position for the generation of a
carbanion, 1 and 2 can be converted into various
compounds with a variety of carbon skeltons. The
nitro group is the strongest electron-withdrawing
group among neutral functional groups.

In order to demonstrate the utility of 1 and 2 as
valuable chiral building blocks in organic syntheses,
we attempted to synthesize several biologically active
natural products starting from these compounds. The
first example concerns with the synthesis of (+)-
brefeldin A, in which the carbanion generated from 1
was subjected to the Michael addition to phenyl vinyl
sulfone. (+)-Brefeldin A has been isolated from
Penicillium sp. and other fungi.? The compound has
been found to have a wide range of biological activity
including antiviral,® anti-fugal,? antimitotic® as well
as antitumor® activities. The structure was elucidated
in 1971 by X-ray crystallography.”? After the pioneer-
ing study by Corey and Wollenberg,?® there appeared
several reports concerning with the asymmetric total
synthesis of this compound.?-1? The shortest proce-
dure so far reported may be that reported by Gais and
Lied, where a key compound, l-phenylsulfonyl-5-
(tetrahydropyranyloxy)hexane (3), was prepared after

(e} OH

/U\ Bakers’ Yeast H
—_— -
CO,E ZNCO,Et

9 steps C;)THP
T . :
/\/\/\SOZPh
3

12 steps.!? The process involves the stereoselective
reduction of ethyl pyruvate by bakers’ yeast and the
conversion of the resulted ethyl (S)-lactate into (S)-2-
methyloxirane.’? The transformation of the last
compound into 3 required additional 9 steps. When,
on the other hand, 1 is subjected to the reduction
mediated by bakers’ yeast, the product, (S)-4-nitro-2-
butanol (1), can afford 3 after only 3 steps; the Michael
addition, reductive denitration, and tetrahydropyran-
ylation. Thus, asymmetric synthesis of (+)-brefeldin A
can be shorten by 10 steps, exemplifying that the nitro
alcohol is much superior to the hydroxy ester in
modifying the carbon skelton.

The second example is the total synthesis of (S)-(+)-
sulcatol. A 65:35 mixture of (R)-(—)- and (S)-(+)-
sulcatols is an aggregation pheromone of Gnatho-
trichus sulcatus.’®  After asymmetric syntheses of
(R)-(—)- and (S)-(+)-sulcatols,#-1 it was found that
Gnathotrichus retusus responds only for the (S)-(+)-
enantiomer.1® The key process in this synthesis is the
condensation of an a-nitro carbanion to an aldehyde
which is followed by dehydration and reductive
denitration to afford an olefinic alcohol. Although the
process employed here is not surprisingly shorter than
the other,!® where the reduction of ethyl acetoacetate
by bakers’ yeast was employed, the enantiomer excess
observed in the reduction of 4-nitro-2-butanone (99%
e.e.)V is much higher than that of the B-keto ester (86—
87% e.e.).15.1D

H
A 0
14 steps H . CH,
HOY oy “H

H
(+)-Brefeldin A

Scheme 1.
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Table 1. The Michael Addition of a Carbanion from 4-Nitro-2-butanol®

OH X OH NO, X

)\/\No2 + RJR - )\)><\R2
R’ R
1 R’ 4
Compd Olefin Base Equivalency Yield of 4/%
: R! R? RS X 4
a H H H CHsC TMG 0.1 91.5
I TMG 0.3 75.5
DBU 1.0 Decomp
EtsN 0.1 No react’n.
b H H H CHsO0C ™G 0.1 76.3
4 T™MG 0.3 74.2
DBU 0.3 375
DBU 1.0 Decomp
EtsN 0.1 No react’n.
PhsP 0.1 47.3
C H H H CszO(If‘ T™G 0.1 83.3
™G 0.3 81.5
DBU 0.3 313
DBU 1.0 Decomp
EtsN 0.1 No react’n.
d H H H PhSO: ™G 0.1 77.69
PhsP 0.1 49.49
e H H H PhS TMG 0.1 No react’n.
6 DBU 0.1 No react’n.
f H H H CN TMG 0.1 49.5
g H CHs H CH30C ™G 0.1 39.6
I DBU 1.0 Decomp
PhsP 0.1 No react’n.
h CH:s H H CHs;OC TMG 0.1 No react’n.
S DBU 0.1 No react'n.
DBU 1.0 12.69
EtzsN 0.1 No react’n.
PhsP 0.1 No react’n.
i CHs CHs H CHsOC T™MG 0.1 No react’n.
I DBU 1.0 Decomp
DBU 1.0 No react'n.?
EtsN 0.1 No react’n.
PhsP 0.1 No react’n.
j H H —-(CHz)2C- T™G 0.1 58.9
A DBU 0.1 29.5
DBU 1.0 Decomp
EtsN 0.1 No react’n.
k H H —(CHz2)3C- ™G 0.1 26.5
i DBU 0.1 19.6
DBU 1.0 Decomp
DBU 1.0 No react’'n.?
EtsN 0.1 No react’n.

a) Room temperature unless otherwise indicated. b) Decomp means that the starting materials were consumed
completely, but no identifiable product was isolated. c¢) A mixture of two products. See text. d) At —18°C.
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Results and Discussion

Synthesis of a Precursor to (+)-Brefeldin A. The
Michael addition of primary and secondary nitro
compounds to an electron-defficient olefin and sub-
sequent substitution of the nitro group by a hydrogen
have been reported of Ono and his co-workers.19
According to their procedure, the vy-hydroxy nitro
compound, 4-nitro-2-butanol (1), was reacted with
phenyl vinyl sulfone under the catalysis of tetramethyl-
guanidine (TMG, 0.1 equiv). It was found that 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) is too strong to
be a base catalyst, but triethylamine and triphenyl-
phosphine are too weak. Results from the Michael
addition of 1 with various olefins are summarized in
Table 1.

In contrast to other olefins, the product obtained
from the reaction with phenyl vinyl sulfone is
composed of a 1:1 mixture of 6-phenylsulfonyl-4-

Stereochemical Control in Microbial Reduction 93

respectively, the denitration takes place more efficient-
ly with 5 than with 4d and the yields of the products,
6-phenylsulfonyl-2-butanol (6) and 4,4-bis[2-(phenyl-
sulfonyl)ethyl]-2-butanol (7), were 37 and 84%, respec-
tively, based on the amount of the each starting
material. The mixture can now be separated quite
easily by column chromatography and the resulted 6
was subjected to tetrahydropyranylation to afford the
final product 3 in 82% yield. When (S)-(+)-1 of 99%
e.e. was employed as the starting material, (S)-(+)-3 in
99% e.e. was isolated. The whole scheme of the
reaction is shown in Scheme 2. The method to
transform (S)-(+)-3 into (+)-brefeldin A is straight-
forward.1?

Synthesis of (S)-(+)-Sulcatol. The condensation of
the carbanion with normal alkanals as well as
benzaldehyde took place under the catalysis of tri-
ethylamine at room temperature or below 100°C as

nitro-2-hexanol (4d), a l.: 1 adduct, and 4,4-bis[2- ﬁ Bakers' Yeast Q A 50,
(phenylsulfonyl)ethyl]-4-nitro-2-butanol (5), a 1:2 ad- ANNNo, T o,
duct, which was observable on an 'H NMR spectrum. 1
The ratio in amount of 4d:5 remained constant on the
change of relative amounts of the starting materials or
on the change of the order of their addition. Methyl gH MO 3 o N
vinyl ketone affords the 1:2 adduct when 2 equivalent SO,Ph NN 50,P0
amounts of this olefin are used. No other olefins 4d 30% 6 37%
afforded the adduct of this type under any reaction BugSnH/AIBN
conditions. OH NO, OH >~
'The origin of this unexpecte;d_ property of phenyl H - A ~s0,eh
vinyl sulfone has not been clarified yet. We suppose \\
that a delicate balance of basicities between the SOPR ) SOPh )
reactant o-nitro carbanion and the resulted composite 5 30% L 84%
carbanion plays a crucial role for the formation of the
1:2 adduct.
A mixture of 4d and 5 were subjected, without being 0 OTHP

separated, to reductive denitration by the aid of tri- Chromatographic 8 0 /=\/\/\

. . cres separation SO,Ph
butyltin hydride-AIBN system!? because of difficulty P 2
in separation of these two materials. Since the nitro 3 8% N %ee.
groups in 4d and 5 are secondary and tertiary, Scheme 2.

Table 2. Condensation of a Carbanion from 4-Nitro-2-butanol with Various Aldehydes®
OH o] OH NO, OH
)\/\NO2 + R/U\H —_— )\/krn —_— )\/\(R
OH OH
1 15 16
Compd. R in RCHO Temp/°C» Chemical yield of 15/% Chemical yield of 16/% d.e./%

a CHs- r.t.9 71.5 64.9 —

b CH3CHa- r.t.9 77.1 61.3 23.0

C CH3(CHgz)2- r.t.9 82.1 — —

d CH3(CHz)s- 90 77.0 — —

e CH3(CHz)s— 90 79.7 — —

f CeHs- 90 57.1 67.1 15.4

a) The reaction was run in THF for 15 h under the catalysis of triethylamine for the condensation, and was run in benzene
for 2h at 90°C for denitration. b) Reaction temperature for the condensation. ¢) Room temperature.
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0 OH

Bakers' Yeast
—_—

Ao

2

[
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QTBDMS
BuMe,SiC| :

/\/\N02 —_— e T /\/\NO2

8 100 %

/I\ OTBDMS OTBDMS
cHo /:\/]\)\ /:\/\/]\
—_— G _ F

DBU/reflux NO,
9 57%

HCI/CH 40H

OH
/:\/\)\

(8)-(+)-Sulcatol
100 %, 99 % e.e.

10 64 %

Scheme 3.

listed in Table 2. It was demonstrated that asymmetric
induction followed the condensation, which was
demonstrated by 1TH NMR spectroscopy on the resulted
diols after the reductive denitration by tributyltin
hydride-AIBN system. The diastereomer excess (d.e.)
observed in the diols are also listed in Table 2. It was
confirmed that the diastereoisomer formed in larger
amount has the anti-configuration (see Experimental).

The condensation of the carbanion with 2-methyl-
propanal, a secondary alkyl aldehyde, however, did
not take place under the same reaction conditions.
Instead, the carbanion reacted with this aldehyde only
when the system was refluxed in the presence of DBU,
a stronger base than triethylamine. It was necessary,
however, to protect the hydroxyl group in the car-
banion under these revised reaction conditions, and,
after several experiments, it was found that the
protecting function has to be the t-butyldimethylsilyl
group (TBDMS). Other protecting groups such as
tetrahydropyranyl or acetyl group prevented the
carbanion from the condensation.!® The product
obtained by the condensation in 57% yield was not the
corresponding alcohol but was an olefin, 6-(¢-butyl-
dimethylsilyloxy)-2-methyl-4-nitro-2-heptene (9). The
reductive denitration of 9 with tributyltin hydride-
AIBN system!? afforded the TBDMS derivative of (S)-
(+)-sulcatol in 64% yield. The last compound was
deprotected under acidic conditions in 100% chemical
yield to give (S)-(+)-sulcatol of 99% e.e. Scheme 3
represents the whole reaction.

Experimental

Instruments. 'H NMR spectra were recorded on a Varian
VXR-200 spectrometer in CDCls with tetramethylsilane
(TMS) as an internal reference or in D2O with sodium 3-
(trimethylsilyl)-1-propanesulfonate-1,1,2,2-ds (DSS) as an
internal reference. IR spectra were recorded on a Hitachi

EPI-S2 infrared spectrometer. Optical rotations were
measured with a Perkin-Elmer 241 polarimeter.

Materials. Organic reagents were purchased from Nacalai
Tesque Co., Tokyo Kasei Co., and Aldrich Chemical Co.,
respectively, unless otherwise indicated. All products gave
satisfactory results in elemental analyses.

4-Nitro-2-butanol (1). 4-Nitro-2-butanone2® was reduced
by sodium borohydride to obtain racemic 4-nitro-2-butanol,
whereas the reduction of this nitro ketone with bakers’ yeast
afforded (S)-1: 1 mmol of 4-nitro-2-butanone was added to a
suspension of bakers’ yeast (10 g) and glucose (2 g) in water
(200 m1) and the whole mixture was incubated at 30 °C for 4
days. Usual work-up gave a mixture of the starting material
and the product, that were separated by column chromatog-
raphy on silica gel with an eluent of a mixture of hexane (5
parts) and ethyl acetate (1 part) to afford (S)-1 in 51% yield
with 99% e.e. ([a 1% +40.6° (¢ 1.15, CHCl3)). The enantiomer
excess was determined by 'H NMR analysis of the corre-
sponding (+)-MTPA ester.

Michael Addition of the Carbanion from 1. A solution of
1(0.1 g, 0.85 mmol) and an appropriate amount of a base in
5ml of dry acetonitrile was added dropwise to methyl
propenoate (86 mg, 1 mmol) at room temperature. The
resulted solution was stirred for 15h at room temperature,
then poured into 20 ml water. The mixture was acidified by
diluted hydrochloric acid (pH 1) and extracted with ether
(3X10 ml). The combined ether layer was washed with water
(3X10ml), dried over anhydrous sodium sulfate, and
evaporated under reduced pressure. The residue was
subjected to column chromatography on silica gel witha 1:1
mixture of hexane and ethyl acetate as an eluent to yield the
product 4. The results are summarized in Table 1.

Reductive Denitration of 6-Phenylsulfonyl-4-nitro-2-hexan-
ol (4d). A solution composed of a mixture (91 mg) of 4d
and 1,1-bis(2-phenylsulfonylethyl)-1-nitro-3-butanol (5) in
2ml of dry benzene, 0.17ml (0.64 mmol) of tributyltin
hydride, and 26 mg (0.16 mmol) of AIBN was refluxed for
3 h. The solution was concentrated under reduced pressure.
The residue was chromatographed on silica gel column
using a 1:1 mixture of hexane and ethyl acetate as an eluent
to isolate l-phenylsulfonyl-5-butanol (6) and 1,1-bis(2-
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phenylsulfonylethyl)-3-butanol (7), in 37% (11 mg) and 84%
(42 mg) yields, respectively.

Tetrahydropyranylation of (S)-1-Phenylsulfonyl-5-butan-
ol ((8)-6). A solution composed of 11 mg (0.045 mmol) of
(S)-6, prepared as described above, 1 ml of dry tetrahydro-
furan (THF), 0.011 ml (0.12 mmol) of 3,4-dihydro-2H-pyran,
and 4 mg of pyridinium p-toluenesulfonate was stirred for
14h at room temperature. The mixture was washed with
saturated aqueous sodium hydrogencarbonate and brine,
then dried over anhydrous sodium sulfate and concentrated
to leave the crude product, which was chromatographed on a
silica gel column using ethyl acetate as an eluent to afford
(S)-1-phenylsulfonyl-5-(tetrahydropyranyloxy)hexane ((S)-3)
in 82% yield (12mg) with 99% ee. ([a]® +8.1° (¢ 0.72,
CHCls)).

1H NMR (CDCls) 6=1.19 (d, 3H, J=6.2 Hz), 1.45—1.91 (bs,
6H), 2.28—2.35 (m, 2H), 3.31—3.42 (m, 2H), 3.65—4.04 (m,
2H), 4.04—4.14 (m, 2H), 4.52—4.96 (m, 1H), and 7.55—7.93
(m, 5H).

Condensation of 1 with Normal Alkanals. A 10ml
solution of THF containing 500 mg (4.2 mmol) of 1, 1.7 ml
(8.4 mmol) of triethylamine, and an acetaldehyde (5 mmol)
was stirred for 15 h at room temperature, then the mixture
was poured into 10 ml of water. The whole mixture was
acidified by diluted hydrochloric acid (pH 1) and extracted
with ether (3X50 ml). The combined ether layer was washed
with brine (3X50 ml), dried over anhydrous sodium sulfate,
and the solvent was evaporated under reduced pressure. The
residue was subjected to column chromatography over silica
gel with an equivalent mixture of hexane and ethyl acetate as
an eluent. The results are listed in Table 2.

Determination of Absolute Configuration in the Conden-
sation Product (16f). An acetic acid solution of hydrogen
bromide (3.6ml, 17.6 mmol) was added to (S)-2-methyl-
oxirane (0.83 g, 14.3 mmol) dropwise at 0 °C and the mixture
was stirred at 0°C for 2h. The reaction mixture was
distilled at 145°C to give a mixture of (S)-1-bromo-2-
propanol (11) contaminated by small amount of (S)-2-
bromo-1-propanol in 50% vyield (982 mg). The mixture
(250 mg, 1.8 mmol) was dissolved into 5ml dry dichloro-
methane containing pyridinium p-toluenesulfonate (50 mg)
and 3,4-dihydro-2H-pyran (0.33 ml, 3.6 mmol), and the
whole mixture was stirred for 14 h at room temperature. The
reaction mixture was subjected to column chromatography
on silica gel using a mixture eluent (hexane:ethyl acetate=
1:1) to afford THP derivative of 11 (12) contaminated by

o (]

O HBr/AcOH
——————i—

2 OTHP
Dy : o
OH
13
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small amount of its 2-bromo counterpart. A solution of
150 mg (0.68 mmol) of crude 12 in 3 ml of dry THF was
added dropwise to 16.5 mg (0.68 mmol) of baked magnesium
under argon atmosphere and the mixture was stirred for 1 h
at 50 °C, then 0.078 ml (0.68 mmol) of (R)-styrene oxide was
added dropwise to this reaction mixture and stirred for
additional 6 h at room temperature. The whole reaction
mixture was poured into 20 ml water and the organic
materials were extracted with ether. The combined ether
layer was dried over anhydrous sodium sulfate and the
solvent was evaporated under reduced pressure. The residue
was subjected to column chromatography on silica gel with
an equivalent amount mixture of hexane-ethyl acetate as an
eluent to afford (1R,4S)-4-tetrahydropyranyloxy-1-phenyl-1-
pentanol (13) (23 mg), which was deprotected by stirring
with 200 mg of p-toluenesulfonic acid to yield (1R,4S)-1-
phenyl-1,4-pentanediol (14). The reaction course is shown
in Scheme 4.

The 'H NMR spectrum of this authentic compound was
compared with that of the product from the reaction of (S)-1
with benzaldehyde to determine the stereochemistry of the
latter: since the former had a doublet at 6 1.18, whereas the
latter exhibited a larger doublet at 6 1.14 with a smaller
doublet at § 1.18, the predominant configuration of the latter
was identified to be (15,4S).

Condensation of 1 with 2-Methylpropanal. Imidazole
(16 g, 0.24 mol) was added dropwise to a stirred 60 ml
solution of N,N-dimethylformamide (DMF) containing 7.0 g
(59 mmol) of (S)-1 and 10 g of ¢t-butyldimethylsilyl chloride
(TBDMSCI) at 0 °C, then the stirring was continued for 3 h
at room temperature. The reaction mixture was poured into
100 m1 water and the organic materials were extracted with
ether (3X100 ml). The combined ether layer was washed
with brine, dried over anhydrous sodium sulfate, and
concentrated under reduced pressure. The residue was
subjected to column chromatography on silica gel with a
mixture of hexane (5 parts) and ethyl acetate (1 part) as an
eluent. 1-Nitro-3-(¢-butyldimethylsilyloxy)butane (8) was
obtained quantitatively (13.7g) ([a]® +31.4° (¢ 1.00,
CHCls)).

'H NMR (CDCls) 6=0.03, 0.04 (ds, 6H), 0.86 (s, 9H), 1.16
(d, 3H, J=17.0 Hz), 1.90—2.27 (m, 2H), 3.85—3.96 (m, 1H),
and 4.40—4.50 (m, 2H). IR (neat): 1558 and 1382 cm-1.

2-Methylpropanal (0.21 ml, 2.2 mmol) was added to a
mixture of 0.5 g (2.2 mmol) of 8, 0.33 ml (2.2 mmol) of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), and small amount of

OTHP OTHP

M _A_MgBr

12
OH
TsOH /V\/Ph
OH
14 (1R, 48)

Scheme 4.
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dried Molecular Sieve 4A in 20 m1 THF, and the mixture was
refluxed for 16h. The reaction mixture was poured into
15 ml water and acidified to pH 6—7 with acetic acid. The
organic materials were extracted with ether (3X20 ml) and
the combined ether layer was washed with water (3X20 m1),
brine, and dried over anhydrous sodium sulfate. The solvent
was evaporated under reduced pressure and the residue was
subjected to column chromatography on silica gel. A
mixture of hexane (5 parts) and ethyl acetate (1 part) was
used as an eluent to afford (S)-(¢-butyldimethylsilyloxy)-2-
methyl-4-nitro-2-heptene (9) in 57% vyield (0.36g) ([a]®
—24.2° (¢ 1.03, CHCls)).

1H NMR (CDCls) 6=—0.01—0.05 (m, 6H), 0.85—0.89 (m,
9H), 1.12—1.19 (dd, 3H, J=6.0 Hz), 1.58—1.72, 2.20—2.34
(m, 2H), 1.74—1.77 (m, 6H), 3.66—3.84 (m, 1H), and 5.26—
5.52 (m, 2H). IR (neat): 2975, 1557, and 1380 cm~1.

Convension of (8)-9 into (8)-(+)-Sulcatol. A solution
composed of 120 mg (0.42 mmol) of 9, 0.11 ml (0.42 mmol) of
tributyltin hydride, 20 mg (0.15 mmol) of AIBN, and 3 ml
dry benzene was refluxed for 2 h. The removal of the solvent
from the solution remained a crude product, which was
subjected to column chromatography on silica gel using a
mixture of hexane and ethyl acetate (5:1) as an eluent. (S)-2-
Methyl-6-(t-butyldimethylsiloxy)-2-heptene (10) was obtained
in 64% yield (60 mg).

A concentrated hydrochloric acid (2ml) was added
dropwise to 10ml methanol solution containing 60 mg
(0.27 mmol) of 10, and stirred for 2 h at room temperature.
The reaction mixture was washed with saturated aqueous
sodium hydrogencarbonate and brine, then dried over
anhydrous sodium sulfate. The solvent was evaporated
under reduced pressure and the residue was subjected to
column chromatography on silica gel using a mixture of
hexane and ethyl acetate (5:1) as an eluent to afford the final
product in quantitatively yield (34.8 mg) with 99% e.e. ([a]®
+15.1° (¢ 0.75, CHCls)).

1H NMR (CDCls) 6=1.14 (d, 3H, J=6.2 Hz), 1.38—1.50 (m,
2H), 1.58 (s, 3H), 1.65 (s, 3H), 1.84—1.95 (bs; 1H), 1.97—2.09
(td, 2H, J=7.2 and 7.8 Hz), 3.71—3.80 (tq, 1H, 6.2 and
6.2 Hz), and 5.05—5.13 (tt, 1H, J=7.8 and 7.8 Hz). IR (neat):
3400, 2975, 1450, and 1255 cm~1. Found: C, 74.85; H, 12.75%.
Calcd for CsHi6O: C, 74.94; H, 12.58%.
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Selective Synthesis of

Ethylene Glycol or Formic Acid and Methyl Formate from
Methanol in the Presence of Hydrogen Peroxide

Yuichi Suimizu,* Shun’ichi SuciMoTo, Shunichi Kawanisai, and Nobutake Suzuki
Osaka Laboratory for Radiation Chemistry, Japan Atomic Energy Research Institute,
25-1 Mii-minami, Neyagawa, Osaka 572
(Received August 21, 1989)

The photoinduced transformation of methanol (MeOH) has been investigated in the presence of HzOs.
Ethylene glycol (EG) was selectively produced by UV light irradiation of the Na-saturated MeOH and the
selectivity was 85—94% below 3 m1 h~! of H2Os feeding rate (f). The quantity of EG reached the maximum at
f=5mlh~! and the quantum yield was 0.73. EG was produced through the dimerization of hydroxymethyl
radicals formed by the abstraction of hydrogen atom from MeOH by hydroxyl radical which was formed by the
photolysis of H202. On the other hand, formic acid (FA) and methyl formate (MF) were selectively produced by
UV light irradiation of the Oz-bubbled MeOH and the combined selectivity was about 99% in the f range of
1—8 ml h—1. The quantities of FA and MF reached the maximum at f=5 ml h—! and their quantum yields were
1.36 and 0.69, respectively. FA was mainly produced through the decomposition of hydroperoxyhydroxy-
methane formed by the abstraction of hydrogen atom from MeOH by hydroxymethyldioxy radical which was
formed by the reaction of hydroxymethyl radical with oxygen, and MF through the reaction of MeOH with FA

formed.

The direct transformation of methanol (MeOH) into
more valuable compounds is very important from a
viewpoint of effective utilization of organic resources.
Ethylene glycol (EG), present-day produced from
ethylene by a two-step method, is very important as a
raw material for the industrial production of polyester
synthetic fiber and polyester resin, and also as
antifreezing agent and so on. The direct synthesis of
EG from MeOH, not from petrochemicals, has been
investigated in the presence of organic peroxides such
as di-t-butyl peroxide,'? but the selectivity is not
satisfactory. The photochemical reaction of MeOH
using rhodium complex gave high selectivity for EG
formation,® but very expensive photocatalyst was
required for the acceleration of this reaction. On the
other hand, the direct synthesis of methyl formate
(MF) from MeOH has been investigated using
supported copper or metal carbide such as WC
catalysts,?® and recently has been carried out indus-
trially, but the lifetime of the catalysts is very short and
the reaction temperature is high. Also, formic acid
(FA) is produced through a two-step process.?

In the previous papers,”-® we reported that EG or FA
and MF were directly and selectively synthesized by UV
light irradiation of the Ng-saturated or Os-bubbled
MeOH containing H2Oz. In this paper, we report in
further detail with regard to the photoinduced
synthesis of EG or FA and MF from MeOH and to
discuss the reaction mechanism.

Experimental

Materials. All chemicals were of reagent grade. MeOH
was purchased from Tokyo Kasei Kogyo Co., Ltd. and was
used without further purification. The aqueous 30%
hydrogen peroxide was purchased from Santoku Chemical
Industries Co., Ltd. Nz and Oz used were of high purity

grade of above 99.9%.

Apparatus and Procedures. The photoreactions were
carried out in an inner source typed Pyrex glass reaction
vessel (volume: 500 ml). 225 ml of MeOH was placed in the
reaction vessel and well-bubbled with nitrogen in order to
remove oxygen or with oxygen. The Na-saturated or Os-
bubbled MeOH was stirred magnetically (500 rpm), and
irradiated internally with a 120 W low pressure mercury
lamp (Eichosha EL-J-120, mainly 253.7 nm). At the same
time with irradiation, the aqueous 30% Hz202 was added to
MeOH with the feeding rate (f) from 1 to 8 ml h-1 (H2O2
successive addition) by using a micro feeder (Atto Corp.,
AC-2120). The MeOH solution was controlled at 25 °C by
using a Yamato-Komatsu Coolnics (TE-24W). In some
experiments MeOH solution containing a given quantity of
H:20: at the beginning (simultaneous addition) was ir-
radiated.

Actinometry. The quantity of light from the lamp was
determined by using a potassium tris(oxalato)ferrate(III)
actinometer. The quantity of light was 3.38X10!8 photons
sl

Analysis. Products were analyzed by gas chromatog-
raphy (Shimadzu GC-7A: Porapak Q column, GC-4C:
Porapak N column, and GC-3BT: Molecular sieve 5A
column) and ion chromatography (Yokogawa IC-100: SAX 1
column).

Results and Discussion

Na-Saturated Methanol. When the Nj-saturated
MeOH containing H20z was irradiated with UV light,
EG was produced as a major product and FA, MF,
acetaldehyde, ethanol, formaldehyde, hydrogen, carbon
dioxide, carbon monoxide, and methane were produced
as minor products. Figure 1 shows the quantities of
main products as a function of irradiation time in the
case of the HsOs successive addition of 3 ml h-1. The
quantities of EG, FA, and MF increased with irradiation
time. The quantity of EG was about 7 times that of
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Fig. 1. Plots of the quantity of main products as a

function of irradiation time in the Ng-saturated
methanol. Aqueous 30% HzO: feeding rate: 3 ml h—1.
O: Ethylene glycol, A: formic acid, O0: methyl
formate.

FA, and the sum of the quantities of other products
were less than about 3 mmol after 7 h irradiation. The
selectivity of EG formation was about 85% after 7h
irradiation. EG formation was hardly affected by the
irradiation temperatures from 10 to 40 °C. Also, when
the Na-saturated MeOH alone was irradiated in the
absence of H:02, organic products were hardly
produced even after 7h irradiation. These results
indicate that EG is selectively synthesized by UV light
irradiation of the Ng-saturated MeOH containing
H20..

The quantities of EG, FA, and MF produced in the
case of the H2Oz simultaneous addition were examined.
The amount of H20: (21 ml) added in this case
corresponds to that in the case of the H2Oz successive
addition of 3mlh-! for 7h. Figure 2 shows the
quantities of main products as a function of irradia-
tion time. The quantity of EG increased with
irradiation time and became almost constant after
about 5h. The quantities of FA and MF increased
with irradiation time up to about 3h and became
almost constant thereafter. The quantity of EG was
about twice that of FA and about 8 times that of MF,
and the sum of the quantities of other products were
less than about 1 mmol after 7h irradiation. The
selectivities of EG and FA formations were about 62
and 29% after 7h irradiation, respectively. It was
apparent from these results that EG formation and the
selectivity were much larger in the HzO2 successive
addition than in the H20: simultaneous addition.
Subsequent experiments were carried out with the
H20: successive addition.

Figure 3 shows the effects of H20: feeding rate on
the quantities of EG, FA, and MF produced by UV
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Fig. 2. Plots of the quantity of main products as a
function of irradiaton time in the Ngz-saturated
methanol. Amount of added aqueous 30% HzO2:
21 ml. Symbols are the same as in Fig. 1.
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Fig. 3. Effect of H2O: feeding rate on the quantity
of main products in the Nz-saturated methanol. Ir-
radiation time: 7 h. Symbols are the sameas in Fig. 1.

light irradiation for 7 h. The quantity of EG increased
with H2O; feeding rate and reached the maximum at
f=5mlh-1. The quantity of FA increased gradually
up to f=3 ml h—! and steeply thereafter, and that of MF
increased steeply in the range of f>5mlh-1. The
quantity of FA was larger than that of EG in the range
of f>8 ml1 h-1. The quantum yields of EG, FA, and MF
at the maximum of EG were 0.73, 0.25, and 0.02,
respectively. Such a high quantum yield of EG in-
dicates that EG formation proceeds efficiently in this
system. Table 1 shows the effect of H2O; feeding rate
on the selectivity of EG formation. The selectivity of
EG formation decreased with increasing H2Os feed-
ing rate and was 85—94% below 3mlh-!. It was
found from these results that the selectivity of EG
formation were affected markedly by HzO2 feeding rate
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Table 1. Effect of H2Oz Feeding Rate on the
Selectivity of Ethylene Glycol Formation®

H:O: feeding rate Selectivity
ml h-! %
1 94
2 90
3 85
5 72
8 40
a) Irradiation time: 7 h.
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Fig. 4. Plots of the quantity of main products as
a function of irradiation time in the Og-bubbled
methanol. Aqueous 30% H20: feeding rate: 5 ml h=1,
O; flow rate: 100 ml min—!. Symbols are the same as
in Fig. 1.

and EG was selectively synthesized in lower H2O2
feeding rate ranges.

O2-Bubbled Methanol. When the Oz-bubbled MeOH
containing H2O; was irradiated with UV light, FA and
MF were produced as major products and EG,
acetaldehyde, ethanol, formaldehyde, hydrogen, carbon
dioxide, carbon monoxide, and methane were produced
as minor products. Figure 4 shows the quantities of
main products as a function of irradiation time in the
case of the H2O2 successive addition. The quantities of
FA and MF increased with irradiation time. EG was
hardly produced even after 3h irradiation. The
quantity of FA was about twice that of MF, and the
sum of the quantiues of other products was less than
about 2.7 mmol after 7 h irradiation. The combined
selectivity of FA and MF formations was about 99%
after 7h irradiation. These results indicate that FA
and MF are selectively produced by UV light
irradiation of the Oz-bubbled MeOH containing
H2O2. Thus, it should be noted that main products in
the Oz-bubbled MeOH differ entirely from those in the
Ng-saturated one.

Figure 5 shows the effects of Oz flow rate (fo) on the
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Fig. 5. Effect of Oz flow rate on the quantity of main

products in the Oz-bubbled methanol. Aqueous 30%
H20; feeding rate: 5mlh-1. Irradiation time: 7 h.
Symbols are the same as in Fig. 1.
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Fig. 6. Effect of H2O2 feeding rate on the quantity of
main products in the Oz-bubbled methanol. Oz flow
rate: 100 ml min—1. Irradiation time: 7 h. Symbols are
the same as in Fig. 1.

quantities of FA, MF, and EG produced by UV light
irradiation for 7h. The quantity of FA increased
steeply in the f,<<20 ml min—! range and was almost
constant at fo>50mlmin-1. The quantity of MF
increased steeply in the fo<20 mlmin-! range and
gradually thereafter. On the contrary, the quantity of
EG decreased steeply from 89.6 mmol to 8.8 mmol at
fo—=20 ml min—! and was less than 3.2 mmol at fo>
50 ml min-!. These results indicate that Og flow rate
above about 50 ml min—! is necessary for the effective
formations of FA and MF.

Figure 6 shows the effects of H2O2 feeding rate on
the quantities of FA, MF, and EG produced by UV
light irradiation for 7 h. The quantities of FA and MF
increased with HyOs feeding rate and reached the
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maximum at f=5 ml h-1. EG was hardly produced in
the f range of 1—8 ml h-1. The dependences of H202
feeding rate on FA and MF formations were similar to
that of EG formation in the Nz-saturated MeOH. The
quantum yields of FA and MF at the maximum of FA
were 1.36 and 0.69, respectively. Such high quantum
yields of FA and MF indicate that FA and MF
formations proceed efficiently in this system. The
combined selectivity of FA and MF formation was
about 99% in the f range of 1—8 ml h-1. These results
indicate that FA and MF are selectively synthesized by
UV light irradiation of the Os-bubbled MeOH in the
wide range of Hz0O: feeding rate.  Also, small
quantities of FA and MF were produced even in the
absence of H202, and the ratios of the quantities of FA
and MF in the absence of H2O to those at f=5 m]l h-!
were 0.23 and 0.09, respectively. This suggests that
most of FA and MF are produced through the
decomposition of HeOg by UV light irradiation.

Ethylene Glycol, Formic Acid, and Methyl Formate
Formation. It is well known that H20q2 is easily
decomposed by UV light irradiation to form hydroxyl
radical (Eq. 1).? The effect of thiocyanate ion, which
is an efficient scavenger of hydroxyl radical,’® on EG
or FA and MF formations has been examined. EG
formation was almost perfectly suppressed by the
addition of 0.02mmol of potassium thiocyanate.
Similar result was also obtained for FA and MF
formations. It is concluded from these results that
hydroxyl radical formed by the photolysis of H2Os is
an 1nitiating species of EG or FA and MF formations
in these systems.

Also, as can be seen from Figs. 1 and 4, EG
formation was almost perfectly suppressed by oxygen.
This fact suggests that EG formation proceeds
through the radical reaction.

In the absence of oxygen, the hydroxyl radical reacts
rapidly with MeOH to form hydroxymethyl radical
(Eq. 2),19 which is rapidly dimerized to form EG (Eq.
3).12  Therefore, it is considered that in the Ng-
saturated MeOH EG is produced through the quick
dimerization of hydroxymethyl radicals formed by the
abstraction of a-position hydrogen of MeOH by
hydroxyl radical as follows:

H:0: —~— 2-OH (1)
CH;0H + -OH —— -CH20H + H:0 (2)
2:CH:2OH —— (CH20H) 3)

As described already, in the Na-saturated MeOH the
quantum yield at the maximum of EG (Fig. 3) was
0.73. Since a molecule of EG is formed by the
consumption of two hydroxyl radicals, the quantum
yield of hydroxyl radical consumed to form EG is 1.46.
Assuming the quantum vyield of hydroxyl radical
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formation is 2.0,2® about 73% of hydroxyl radical
formed is consumed to form EG. This suggests that in
the Ng-saturated MeOH most of hydroxyl radical is
consumed by reaction (2).

As shown in Fig. 3, in higher H2O: feeding rate
ranges, the quantity of EG decreased while that of FA
increased. It is known that hydroxyl radical 1s
scavenged by H20:2 to form hydroperoxy radical and
H2O as reaction (4).19

H:0; + -OH —— -O2H + H20 4)

It is also known that the hydroxymethyl radical
formed by reaction (2) reacts rapidly with hydroperoxy
radical to form hydroperoxyhydroxymethane which is
decomposed photochemically or thermally to FA and
H>O as reactions (5) and (6).19

-CHOH + -OsH —— HO:CH:OH (5)

hv or wall

HO:CH:OH HCOOH + H20 (6)
It is considered from these facts that reaction (4)
would occur predominantly in higher H2Oz concentra-
tion. It is therefore presumed that a considerable
increase in the quantity of FA on higher H2O3 feeding
rate is attributed to an enhancement in the formation
of FA by reactions (4)—(6). In fact, as shown in Fig. 2,
in the presence of a large quantity of HzO;z from the
beginning, FA was produced in large quantity even in
the Ng-saturated MeOH. Consequently, it is concluded
that in the N-saturated MeOH EG was produced
through reactions (1)—(3) on lower HzO: feeding
rate, and EG and FA through reactions (1)—(3) and
(4)—(6) on higher H20s feeding rate, respectively.

In the presence of Og, the hydroxymethyl radical
formed by reaction (2) reacts rapidly with Oz to form
hydroxymethyldioxy radical (Eq. 7)'® which abstracts
a hydrogen atom from MeOH to form hydroper-
oxyhydroxymethane (Eq. 8), followed by reaction (6).19
The formation of formaldehyde was hardly observed.
Also, when UV light irradiated MeOH was kept at
25 °C, the quantity of FA decreased gradually while
those of MF and H2O increased. The sum of the
quantities of FA and MF was almost constant.
Furthermore, when FA was added to MeOH, the
formations of MF and H2O were observed even
without UV light irradiation. Consequently, it is
concluded that in the O2-bubbled MeOH FA is mainly
produced through reactions (1), (2), (6)—(8) in
addition to reactions (4) and (5) and MF through
reaction (9).

-CH2:OH +0; —> -02CH:0H (7)

-02CH2OH + CH;OH —— HO2CH;OH + :-CH:OH
(8)
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HCOOH + CHsOH —— HCOOCH:; + H:0 9)

As shown in Figs. 3 and 6, the quantities of EG or
FA and MF decreased in higher H2O: feeding rate
ranges. EG and MF were hardly decomposed by UV
lightirradiation. Also, since the quantities of COz and
CO evolved by UV light irradiation of the Oz-bubbled
MeOH were small, the decomposition of FA would be
small in these systems. As described already, hydroxyl
radical is scavenged by H20219 It is therefore
presumed that the decrease in EG or FA and MF
formauons on higher HzO; feeding rate is mainly
attributed to the scavenging of hydroxyl radical by
H2O: as reaction (4).
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The Formation of Monodispersed Indium(III) Hydroxide Particles
by Forced Hydrolysis at Elevated Temperature
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Department of Applied Chemistry, Faculty of Science, and Institute of Colloid and Interface Science,
Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162
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Rather poorly crystallized spherical particles of indium(III) hydroxide were produced by forced hydrolysis
at 100 °C for 120 min under the conditions of 6.0X10~4 mol dm=3 for indium(III) ions, 1.0X10-3 mol dm-3 for
nitric acid, and 1.25 for a concentration ratio, [SO42~]:/[In3*];, respectively, having an average size of 0.48 pm
with a relative standard deviation of 0.09. On the other hand, cubic particles of well-crystallized indium(III)
hydroxide were yielded in a nitrate solution that was free from sulfate ions and at the same concentrations. The
cubic particles grew through a polynuclear layers mechanism. Monomeric hydroxo complexes basically acted
as precursors of the spherical particles, together partly with polymeric ones. The point of zero charge was
estimated as being at the same pH (7.7) for both the hydroxide and oxide particles prepared from the nitrate
system, in contrast to those of 7.0 and 5.4 for the respective particles obtained from the sulfate system.

Monodispersed particles of metal oxide and hydrous
oxide have been prepared by several procedures.
Particularly, the hydrolysis of metal ions at elevated
temperatures has given well-defined corresponding
oxide and hydrous oxide particles under suitable
conditions.!=® 1In this method, the morphology and
composition of the particles depend on several param-
eters such as concentration, temperature, pH, and the
kinds of anions present. It has been reported that
sulfate ions are essential for producing monodispersed
spherical particles of amorphous chromium(III),”?
aluminium(IiI),® and gallium(III)?-19 hydrous oxide
by forced hydrolysis, whereas crystalline particles have
been produced from the latter two metal nitrate and
chloride solutions. The role of sulfate ions in the
formation of such particles has been mentioned.”12

In the present work, the preparation of monodis-
persed indium(IIT) hydrous oxide particles was studied
by an aging method, together with their formation
process and surface properties.

Experimental

Materials. All of the reagents used in this work were of
guaranteed grade and were employed without further
purification. A stock solution of indium(III) was prepared
by dissolving its nitrate salt in doubly distilled water with
a known amount of nitric acid. The concentration of
indium(III) was gravimetrically determined. The stock
solution was kept in a cold place and did not show any
visual change over three months. An aliquot of the stock
solution was diluted at specified concentrations together
with nitric acid. For a sulfate system, the concentration ratio
of the total sulfate to the total indium(III), [SO4]./[In®*],
was varied by up to 30 with potassium sulfate. The solution,
thus prepared, was filtered through a membrane filter
(0.2 pm in pore size) before aging.

Procedures. The freshly prepared solution (=40 cm?) was
tightly sealed in a screw-capped Pyrex glass tube and then
heated to 100%0.5 °C at specified heating rates in an oil bath.
The solution was rapidly quenched to room temperature
after the desired period (from 30 to 220 min). Particles, thus

produced, were centrifuged at 1160 g and washed repeatedly
with distilled water using ultrasonic equipment.

The morphology and size of the particles were observed
with a scanning electron microscope (model ALPHA-10S).
An X-ray powder diffractometer (Geigerflex model RAD III
A) was used to identify the particles.

The concentration of indium(III) in a supernatant
solution was followed at regular time intervals in order to
study the reaction process after solids have been completely
removed from the solution by centrifugation at 1160 g and
filtration through a membrane filter (0.1 pm in pore size).
The solution, thus obtained, did not show any Tyndall cone.
The concentrations of monomeric and polymeric indium
(IIT) species’3-19 were determined spectrophotometrically
using 8-quinolinol, as described in a previous paper.1?

The point of zero charge of the particles was estimated by
ordinary potentiometric titration. A sample (1.0g) sus-
pended in 50.0 cm3 of a 4.00X10-3 mol dm~3 sodium hydrox-
ide solution was titrated very slowly with 1.00X10-1
mol dm=3 nitric acid with vigorous stirring under a nitrogen
atmosphere (flow rate of 100 cm3 min—1) at 25+0.1 °C and an
ionic strength of 0.10 mol dm—23 (NaNOQs). The specific
surface area was determined with a modified BET analyzer
(model SA-1000). A surface analysis was carried out in order
to identify species adsorbed on the surfaces of the particles
using an X-ray photoelectron spectroscope (XPS), model
ESCALAB Mk II.

Results

Particle Morphology Depending on Composition of
Solution in Sulfate System. The effects of the total
concentrations of indium(III) ions and nitric acid were
examined on the formation of indium(III) hydrous
oxide particles over the ranges from 2.0X10-* to
8.0X10-3mol dm—2 and from 3.0X10-* to 1.0X10-2
mol dm—3, respectively, under a fixed concentration
ratio, [SO&Z 1/[In®'];, of 1.25 at 100x0.5°C for
120 min. Initial pH values of these solutions ranged
between 3.5 and 2.1 at room temperature.

Spherical particles of reasonably narrow size distri-
bution were generated in fairly narrow concentration
ranges, from 3.0X10-4 to 8.5X10-* mol dm~2 for [In**];
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Fig. 1.

conditions:

and from 7.6X10~4 to 1.5X10-3 mol dm—3 for [HNO3],
respectively, at an initial heating rate of 1°C min-1
When the heating rate was faster than 1 °C min-1, the
optimum conditions were limited to a very narrow
composition range. On the other hand, only poly-
dispersed particles appeared at a heating rate of
0.5°Cmin-1. Thus, the specified heating rate of
1 °Cmin~! was most effective for obtaining mono-
dispersed spherical particles during the initial stage of
forced hydrolysis in the sulfate system.

Figure 1 shows an example of monodispersed
spherical particles having an average size of 0.48 pm
with a relative standard deviation of 0.09. These
particles indicated somewhat broad X-ray powder
diffraction peaks attributable to indium(III) hydrox-
ide,’® being partially comprised of amorphous hy-
drous oxide.

Effect of Sulfate Ions on Formation of Monodis-
persed Indium(III) Hydrous Oxide Particles. The
role of the sulfate ions on the precipitation of
indium(III) hydrous oxide was examined by changing
the concentration ratio, [SO4 J/[In®'];, from 0.1 to
3.0 under a fixed nitric acid concentration of 1.0X10-3
mol dm~—3 at 100%0.5 °C for 120 min. Monodispersed
particles were generated at concentration ratios be-
tween 1.0 to 1.5 under the given indium(III) concentra-
tions, except for 1.2X10-3 mol dm-3, as shown in Fig.
2. TIrregularly shaped and/or ellipsoidal particles
appeared at concentration ratios less than 1.0, whereas
only polydispersed particles formed above 1.5.

[In3+],=6.0X10~* mol dm™3,
dm-3, and [SO£~}/[In3*]:=1.25.

Scanning electron micrograph of spherical indium(III)
hydrous oxide particles obtained at 100°C for 120 min. Aging

[HNO3]=1.0X10-% mol
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Fig. 2. Effect of concentration ratio, [SO4#~]/[In3+];,
on morphology of indium(III) hydrous oxide par-
ticles. Symbols: O; sphere, [J; ellipsoidal, and A;
irregular. Aging conditions: [In3+}=6.0X10~* mol
dm=3 and [HNO3]=1.0X10-3 mol dm=2 at 100°C for
120 min.

In contrast, the indium(III) nitrate solution, free
from sulfate ions, generated cubic particles of well-
crystallized indium(III) hydroxide!® under the condi-
tions shown in Fig. 3a. Octahedral and hexagonal
plate particles were also produced, depending on the
composition of the starting solution (Figs. 3b and 3c),
the latter two kinds of particles being identified as
indium(III) sulfate hydroxide hydrate (InOHSO4-
2H20)!? by X-ray powder diffractometry.

In order to gain an overview of the precipitation
process, 9.4X10-3 mol dm—2 indium(III) nitrate and
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Fig. 3. Scanning electron micrographs of indium(III) hydroxide (a) and sulfate hydroxide
hydrate (b and c) particles. Aging conditions: (a) [In3+]=6.0X10-4 moldm=3 and [HNOs}=
1.0X10~3 mol dm=3, (b) [In3+]=2.0X10-2 mol dm=3, [HNO3]:=4.1X10-2 mol dm=3, and [SO~]/
[In3+]}=1.9, and (c) [In3+}=2.0X10-3 moldm=3, [HNO3]=2.7X102 moldm=3, and [SO+#~}/

[In3+],=20, respectively.

sulfate solutions, containing 2.1X10-2 mol dm-2 nitric
acid, were titrated very slowly with a 9.5X10-3
mol dm—2 potassium hydroxide solution at room
temperature. The precipitates appeared during an
early stage of titration (pH 3.6, [OH™ Jaaa/[In37]:=0.33)
in the sulfate solution, in contrast to the case of nitrate
solution (pH 4.4, [OH Jaa/[In®"];=2.5). A clear
difference in the precipitation process indicated that
sulfate ions markedly affected the formation of
indium(III) hydrous oxide.

Fractional Changes of Monomeric and Polymeric
Indium(III) Species during Forced Hydrolysis. Fig-
ure 4 shows the fractional changes of soluble
indium(III) species and precipitates during forced
hydrolysis of the sulfate solution at 100£0.5°C. The
fraction of monomeric species rapidly decreased
following deposition of the solids. It was noteworthy
that the [monomer]/[polymer] ratio, as an indium(III)
unit, drastically decreased concomitantly by a sharp
fractional maximum of polymeric species during the
stage of nucleation of the particles. In addition, a
secondary maximum of the fractional change in the
polymeric species was also observed at around
110 min, which would arise from a partial dissolution
of the particles.

On the other hand, the fraction of polymeric species
was quite small during hydrolysis in the nitrate
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Fig. 4. Fractions of mono- and polynuclear indium

(IIT) species, and precipitates during hydrolysis at
100°C in sulfate system. Symbols: OJ; monomer, O;
polymer, @; precipitate, and A; [monomer]/[polymer]
ratio. Aging conditions: [In3+]);=6.0X10~* mol dm™3,
[HNOs3]=1.0X10-3 mol dm~3, and [SO4~]/[In3*]=
1.25.

solution, though the fraction of monomeric species
changed similarly to that in the former system.

Figure 5 shows changes in the size of spherical and
cubic particles as a function of the aging time under
the same conditions specified in Figs. 1 and 3a,
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Fig. 5. Changes in size of spherical (O) and cubic
(0) particles as a function of aging time at 100°C.
Aging conditions: (O) [In3+]:=6.0X10* mol dm3,
[HNOs]=1.0X103 mol dm=2, and [SO£+}/[In3*]=
1.25, and () [In3+}=6.0X10~ mol dm=3 and [HNOs]=
1.0X10-3 mol dm-3, respectively.

respectively. The spherical particles grew linearly and
then reached a maximum at around 95 min. Accord-
ing to an electron microscopic observation, new
crystalline particles originated after this time, imply-
ing that the fractional maximum of polymeric species
around 110 min (Fig. 4.) arose from a partial dissolu-
tion of the particles, leading to secondary nucleation
for the new crystalline phase. Similar behavior has
been observed in a gallium(IIT) hydrous oxide sys-
tem.19 In contrast, the cubic particles grew normally,
as indicated in Fig. 5.

Growth Process of Monodispersed Cubic Indium
(III) Hydroxide Particles. The reaction degree, a, is
defined as

a = (Co — C)/(Co — Cs), (1)

where Co, C, and C; are the initial concentration, the
concentration at reaction time ¢, and the apparent
solubility, respectively. If the particles grow through a
polynuclear layers process, the following relationship
can be obtained as!®

t =Kyl (2)
where
Ky = 0.557:/CoP kn1/3d73D2/3, ®)
and
I = jo“x—m(l — x)?dx, p = (m + 2)/3. (4)

The parameters 1, m, km, d, and D stand for the final
size of the particles, the exponent of the concentration
dependence for two-dimensional surface nucleation,
its apparent rate constant under the given conditions,
the height of the surface nuclei, and the diffusion
coefficient, respectively.

Figure 6 shows a linear relationship between the
reaction time and I, (taking p as 2, obtained from data
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Fig. 6. Plots of integral term, I,, in Eq. 4asa function
of aging time on cubic particles. Aging conditions:
[In3+]):=6.0X10~* moldm—23 and [HNQOs]=1.0X10-3

mol dm-3.
Table 1. Properties of Indium(ITI) Hydroxide and
Oxide Particles Used for Measurements
Size Specific surface area
Sample
pm m2g-!
Hydroxide (NOs~)® 0.65 2.3
Oxide (NQsz~)» 0.64 37.2

Hydroxide (SO2-) 1.70 23.2
Oxide (SO42-)» 1.60 100

a) Obtained from indium(III) nitrate and sulfate
solutions, respectively. b) Prepared from indium(III)
hydroxide by thermal decomposition at 320°C for 3 h.

under the same conditions given in Fig. 3a). The
deviation of the intercept from the reaction-time zero
would arise from a time lag in the heating and/or the
induction period of nucleation. Thus, the indium(I1T)
hydroxide particles grow through polynuclear layers
process. The linear growth of cubic particles (Fig. 5)
also supported this conclusion. Similar results were
obtained for monodispersed spherical particles in a
sulfate system.

Points of Zero Charge of Indium(III) Hydroxide and
Oxide Particles. The surface properties of the parti-
cles were measured by ordinary titration on indium
(ITIT) hydroxide and oxide particles made from the
nitrate and sulfate systems. The hydroxide particles
were repeatedly washed with 2.0X10-3 mol dm-3 sodi-
um hydroxide and doubly distilled water in order to
remove any species adsorbed on the surfaces of the
particles. The oxide particles were then prepared by
dehydration at 320°C for 3h. Table 1 shows the
properties of four kinds of the particles thus obtained.
The specific surface areas of the oxide particles
markedly increased compared with those of the corre-
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sponding hydroxide particles, though the oxide
particles apparently retained the morphologies of their
mother crystals.

The solubilities of the indium(III) hydroxide and
oxide particles were estimated to be a function of the
pH at 2510.1°C and the ionic strength of 0.10
mol dm=3, as shown in Fig. 7. The solubility product,
K, of the hydroxide particles (the nitrate and sulfate
systems) was calculated as being 7.72X10-38 mol4
dm~12 under these conditions, taking into acount the
hydrolysis of indium(III) ions at 25 °C and the ionic
strength of 0.10 mol dm~3 (In**+H,O=[InOH ]2+ +H*,
*K1=4.90X10-3 mol dm=3, In3*+2H:O=[In(OH):]*+
2H*, *B:=4.67X10-12 mol2dm-¢, and 4In®*"+4H:0=
[Ing(OH)4 B+ +4H*, ¥B44=4.79X10-8 mol dm—3).19 Al-
so, those of the oxide particles were estimated to be
2.68X10-3 and 6.35X10-3 mol4 dm-12 (the sulfate and
nitrate systems, respectively) as 1/2In20s3+3/2H20=
In3++30H-, under the same conditions. These values
agreed reasonably well with those reported (1.3X10-37
and 1.3X10-3% mol*dm~12 at 25°C and the ionic
strength of O0moldm—2 for hydroxide and oxide,
respectively).20

Figure 8 shows the surface-charge densities, o, of the
particles as a function of the pH at 25£0.1 °C and an
ionic strength of 0.10 mol dm-3, based on titration
curves which were corrected?? according to the sol-
ubilities and dissolution rates of the particles. The
points of zero charge (PZC) of the hydroxide and oxide
particles made from the nitrate system were estimated
as being at the same pH (7.7).

On the other hand, the PZCs of the hydroxide and
oxide particles made from a sulfate system were
estimated as having a rather low pH (7.0 and 5.4,
respectively). If these particles were not alkali-treated,
much lower pH values (3.4 and 3.5) were observed as
apparent PZCs for the respective particles (the sulfate
system). Such low values for the latter samples would

log([In(1)1/mol dm=-3)
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Fig. 7. Solubilities of indium(III) hydroxide and oxide
particles at 25°C and I=0.10 mol dm—3. Symbols:
O; hydroxide (SO£-), O0; hydroxide (NOs~), @; oxide
(SO42-), and B; oxide (NOs™).
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arise from an adsorption of sulfate ions on the surfaces
of the particles.2) 1In fact, sulfate ions were still
detectable not only on the surfaces, but as inner
inclusions by XPS, even though the particles had been
treated with a sodium hydroxide solution.

Discussion

Monodispersed spherical indium(III) hydrous oxide
particles were obtained in a limited initial pH range
(between 2.9 and 3.2) under given conditions in the
sulfate system. Spherical particles of aluminium(III)®
and gallium(III)® hydrous oxides with a reasonably
narrow size distribution could also be generated in
sulfate solutions at specified pH values (4.1 and 2.8,
respectively). These pH values for producing mono-
dispersed particles corresponded to trends in the
hydrolysis of metal ions, as indicated by the formation
constants of first-stage hydrolysis at 25°C, *Kj,
9.55X10-6¢ mol dm—3 at I=0 mol dm—3 for aluminium
(I1I),22 4.90X10-3 mol dm—23 at 7=0.10 moldm-3 for
indium(II1),® and 1.20X10-3 mol dm-3 at I=0.5 mol
dm~3 for gallium(III},2® respectively.

According to the drastic change in the [monomer)/
[polymer] ratio (Fig. 4), the monomeric hydroxoindi-
um(IIl) complexes would basically act as precursors
for the spherical particles, as compared with the cases
in gallium(III) sulfate and nitrate solutions.l® How-
ever, the amorphous indium(IlI) hydrous oxides,
resulting from polynuclear hydroxo complexes, were
also one of the components of the particles, as judged
from the X-ray powder diffraction patterns and the
fractional changes of the polymeric species at around
65 min (Fig. 4). Thus, the coprecipitation process of
the amorphous hydrous oxides was important for yield-
ing monodispersed spherical particles, even though
the particles partially comprised crystalline indium
(III) hydroxide.

Polymerized hydroxoindium(III) complexes can

0 x108/mol m-2

3 5 7 9
pH

Fig. 8. Surface charge densities of indium(IIl) hy-
droxide and oxide particles at 25°C and I=0.10
mol dm=3. Symbols: O; hydroxide (SO42~), [J; hydrox-
ide (NOs~), @; oxide (SO4-), and I; oxide (NO3™).
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easily associate with sulfate ions owing to their large
positive charges. The sulfate ions, thus paired, would
effectively reduce the positive charge of the poly-
nuclear hydroxo complexes. This, in turn, suggests
that the polymers much more easily collide with each
other due to less electrostatic repulsion, leading to
further polymerization and precipitation. Such a role
of the sulfate ions on the precipitation process has
been explained in terms of the catalytic action during
solid formation.!¥ The affinity of sulfate ions for
metal ions can be compared with the respective
formation constants at 25°C, K, for instance,
19 mol-1dm? at /=0.1 mol dm—2 for aluminium(III)2¥
and 60 mol-!dm? at /=2 mol dm-3 for indium(III),25
though they exist as outer-sphere complexes.20

The concentration ratio of the total sulfate to
indium(III) ions was indicated as being an important
factor, ranging from 1.0 to 1.5 (Fig. 2), to make mono-
dispersed spherical particles. On the other hand,
monodispersed spherical particles of aluminium(III)
and gallium(IIT) hydrous oxide have been obtained at
rather wide concentration ratios, 1.0—2.0 for alumini-
um(III) and 0.6—2.0 for gallium(III), respectively,8.9
which would depend on the affinity and concentration
of sulfate ions.

In addition, an appropriate formation rate of the
polynuclear hydroxo complexes is essential in order to
obtain a suitable supersaturation, leading to a proper
nucleation rate, whereas hydrolysis generally takes
place faster than condensation.?”? These conditions
have been required as the starting composition of the
solution and the heating rate.?
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The turnover frequency (TF) for the methanol decomposition over various supported Pd catalysts is
dependent upon both supporting materials and Pd crystallite sizes. On the other hand, the apparent activity
(gas evolution rate per g-catalyst) is roughly proportional to the degree of Pd dispersion. This variation in the
apparent activity is related to starting materials for the preparation of supports as well as to properties of
supports. The highest dispersion of Pd was obtained with TiOg prepared from Ti[OCH(CHs)z]s or TiCly, but at
an elevated temperature (above 773 K) in the reduction treatment applied, it showed a suppressed activity. Pd
particles on ZrOz support gave a high value of TF when the Pd/ZrO; catalyst was calcined in air at an elevated

temperature (873—1073 K).

The findings about the influence of heat treatment suggest that thermal

stabilization of the ZrQ; support would play an important role in the development of catalytic properties of Pd.
TF curves for the methanol decomposition over TiO2- and ZrOz-supported Pd catalysts change discontinously at
about 10 A of Pd particle size. In the case of Al,O3 support, characteristic behavior of TF curve are significantly
different from those observed in the case of TiOz and ZrO; supports.

Metal catalysts highly dispersed on supporting
materials are widely used in various fields such as
petrochemical industry. This is due to the fact that
supported catalysts have larger surface area and are
stabler against heating than unsupported ones. Effects
of crystallite size and the degree of metal dispersion
have been extensively discussed upon the catalytic
activity and selectivity of supported transition metal
catalysts for many reactions.l-® It is interesting to
clarify whether those effects resulting in variation of
specific catalytic activity and selectivity are different or
not, in connection with the nature of supporting
materials.

With highly dispersed metal catalysts, the effects of
metal-support interaction (MST) and metal crystallite
size on catalytic activity and reducibility have been
known well to be related closely to each other.
Therefore, separate discussions on these phenomena
will not be effective for essential clarification of this
complex relationship.®  MSI is enhanced with
increasing degree of metal dispersion, i.e., this MSI
results in strong MSI (SMSI). This resulting SMSI
phenomenon gives rise to depression of uptake in
chemisorption and suppression of catalytic activity,
and drastic decrease in catalytic activity has been
observed in the case of such supports as TiO2 and
Nb2Os, which oxides are reducible at elevated tempera-
tures in prereduction treatment of supported cata-
lysts.® In contrast, these phenomena are not found in
the case of such nonreducible oxide supports as Al2Os,
MgO, and ZrOs.®

It has also been known that different methods for
preparing supported metal catalysts and different
reagents employed as starting materials affect consider-
ably the degree of metal dispersion and catalytic
activity.3-? There has been a study on supported metal
catalysts comprising investigations for the effect of

metal crystallite size and nature of the support upon
catalytic activity. Such a standard method as provides
a series of catalysts with a particular mean crystallite
size 1s convenient in examining the influence of metal
crystallite size, but it gives an additional problem? that
supported catalysts with highly dispersed metal are
likely to cause variation in specific catalytic activity,
and that atomically dispersed metals on supports may
behave like an SMSI caused by metal-support electron
transfer.

The present work describes characteristics of palla-
dium catalysts obtained via impregnation of different
supports (TiOs, ZrOs, and Al2O3) with palladium
ammine complex and also presents detailed effects of
support area, metal content, reduction conditions,
heat pretreatment of support, etc. upon Pd dispersion
and other characteristic properties.

Experimental

Supports. The supports (anatase-type TiOsz, ZrOgz, and
v-Alz03) used in this work, their pretreatment conditions,
and their sources are summarized in Table 1. For the
preparation of the metal oxides as supporting materials,
commercially available oxides, sulfates, chlorides, alkoxides,
and nitrates, etc. from Wako Pure Chemical Industries were
used as starting materials. These materials, except commer-
cially available oxides, were first hydrolyzed by addition of
28% aqueous ammonia into their solution with vigorous
stirring at pH 7—8. After aging overnight, the resulting
precipitates were washed with deionized water until no
negative ions were detected, and dried. The dried pre-
cipitates were calcined at 823 K in air for 4h into oxides.
Prior to impregnation with Pd ion, the TiOz samples were
evacuated at 773 K for 4 h in Pyrex glass tubes. Subsequent-
ly, ammonia solution was poured onto them out of contact
with air in order to facilitate the surface-ion-exchange
reaction between NH4* ion and the cation of Pd ammine
complex.



Table 1. Preparation Conditions for the Supported Pd Catalysts and Their Characteristics Estimated by Hz Chemisorption

(Ssl‘; F;f: E;;) No. Starting material Pretreatment process a?(%f ontent/ Calcen. temp./K rSr;r;a}Etheaf)/ I,,_xlrzn :)llp ;—ll(:t/ a1 Dl(sg?stlic;n

TiO; ] Commercial EVY-dry 1.0 823 19 2.1 0.05
(T) 2 JRC-TID-1% EV®-dry 1.0 823 32 18.8 0.36
3 Ti(SO4)2 HY?-EV?Y-dry 1.0 823 47 22.4 0.48

4 Ti[OCH(CHszs)z2]4 HY9-EV®-dry 1.0 823 82 314 0.67

5 Ti[OCH(CHs)z]s RCY-HY9-EVY-dry 1.0 823 84 35.3 0.75

6 TiCly HY9-EVY-dry 1.0 823 57 38.0 0.80

7 TiCl4 HY?-heat (773 K) 1.0 823 37 11.2 0.24

8 TiCl4 HY?-dry 1.0 823 44 36.9 0.78

ZrOz 1 Commercial (1) No 1.0 973 27 6.8 0.15
(Z) 2 Commercial (2) No 1.0 973 12 2.8 0.06
3 ZrO(NOs)z HY?-dry 1.0 973 33 16.5 0.35

4 Zr(OH)4 No 1.0 973 27 30.8 0.66

5 Zr(SO4)2 HY?-dry 1.0 973 27 31.1 0.66

6—1 ZrOCl; HY?-dry 0.1 973 33 5.3 1.00

6—2 ZrOCl2 HY9-dry 0.25 973 27 12.4 1.00

6—3 ZrOCl2 HY9-dry 0.50 973 30 15.3 0.65

6—4 ZrOCl: HY9-dry 1.00 973 32 13.9 0.30

6—5 ZrOCl2 HY9-dry 1.50 973 28 10.2 0.15

6—6 ZrOCl: HY9-dry 1.0 673 52 16.4 0.35

6—7 ZrOCl: HY9-dry 1.0 773 46 15.6 0.34

6—8 ZrOCl; HY?-dry 1.0 823 43 6.0 0.13

6—9 ZrOCl2 HY?-dry 1.0 873 36 5.2 0.11

6—10 ZrOCl: HY?-dry 1.0 1073 16 8.6 0.18

Al:O3 1 Commercial EVY-dry 3.0 823 144 19.9 0.14
(A) 2 Al[CH(CHz3)20]3 DS?-HY9-EV®-dry 0.5 823 193 6.5 0.27
3 A][CH(CHz3)201]3 DS9-HY?-EVYdry 1.0 823 248 12.5 0.26

4 Al[CH(CHz3)201]3 DS9-HY9-dry 1.0 823 197 10.8 0.23

a) The mark indicates the TiOgz sample which has been supplied from the Committee of Reference-Catalysts in Japan. b) The symbol EV indicates that the oxide was
treated with ammoniacal solution after evacuation at 823 K. ¢) The symbol HY indicates that the solution was hydrolyzed by ammonia under neutralization. d) The
symbol RC indicates recrystallization in 2-propanol solvent repeated three times. e) The symbol DS indicates distillation at 523 K and 0.01 Torr. f) The data were
obtained from the used catalysts in the activity tests.
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Catalysts. The supports were impregnated overnight
with a hot ammoniacal solution of PdCls. Subsequently, the
solution was evaporated at 323—353 K and then the catalyst
was dried at ca. 373 K for ca. 14 h in an air oven. Finally, the
powdered sample was calcined in an electric furnace at the
prescribed temperature for 4 h. Reduction of the catalysts
was carried out in a glass reactor in a stream of high-purity
hydrogen (commercial 99.9%) at the prescribed temperature
for 4 h. For adsorption measurement, the hydrogen used for
the reduction of catalyst was further purified by passing it
successively through a Pd-asbestos bed, a Molecular Sieve
(MS 13X) trap, and a liquid nitrogen cold trap. The effect of
the evacuation of support on catalytic activity was examined
for the series of Pd/TiO; catalysts.

Activity Test. CHsOH decomposition was chosen as the
test reaction for comparison of activities of various Pd
catalysts in a flow system at atmospheric pressure using N2
as a carrier gas. A fresh catalyst sample (1.0 g) was charged
in a glass U-tube (i.d. 6 mm) reactor, and then activated in a
hydrogen stream (40 ml min-1) for 4 h. The nitrogen used as
the carrier gas was purified by successive passage through
reduced copper chips at ca. 573K and MS 13X trap at ca.
273 K. CH3OH conversion was measured in a steady state at
673 K and a space velocity of ca. 10000 h-1. Reactants and
products in catalytic tests were analyzed by gas chromatog-
raphy (TCD cell) at 353 K. An additional column packed
with PEG-1000 (2 m long and 3 mm in i.d.) was used for
analysis of liquid products. For analysis of gaseous products
condensed in a methanol-Dry Ice trap, an activated carbon
column (1 m long and 3 mm in i.d.) was used.

Catalyst Characterization. The degree of dispersion,
surface area, and the particle size of Pd were evaluated by
measuring the amount of hydrogen adsorbed in a modified
BET-type apparatus. One gram of catalyst was reduced at
673K for 3h after evacuation, and then the purified
hydrogen gas was introduced to the catalyst at 423 K. The
adsorption pressure was up to 150 Torr (1 Torr=~133.322 Pa).
The adsorbed amount of hydrogen, v, was measured at a
given pressure, p, after it had reached a constant value.
Additional doses of hydrogen were successively admitted
onto the sample and a hydrogen isotherm was thereby
obtained. The saturated monolayer volume, vm, was
obtained from Langmuir plots in which p/v vs. p plots
satisfied a fairly good linear relationship. The amount of
hydrogen adsorption on the support was found to be
negligibly small at room temperature, and therefore, no
correction was made for the hydrogen adsorption on the
support. By assuming a hemispherical crystallite for the Pd
metal particles, the average diameter of crystallite, D;, is
given by89

Ds = 5/(pSm), 1)

where Sn is the surface area per gram of metal, and p is the
density of Pd. Turnover frequency (TF), which is considered
to give the qualitative catalytic activity per metal atom, was
calculated from

TF[h~']= G[mol h—! g-cat~1]/{Pd[mol g-cat~|(H/Pd)}, (2)
where G is the gas evolution rate, and (H/Pd) is the degree of

dispersion of Pd. In the present work, G is considered to be
the reaction rate index of methanol because the conversion
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of methanol is approximately proportional to time factor
in the range of 10000 h-! (SV). XRD experimnents were
conducted to estimate the crystallographic structure change
of the supports, by using a Nihondenshi (JEOL) Model DX-
GE50S diffractometer with Cu Ke radiation. The surface
area of catalyst was determined by applying the BET
equation to the adsorption isotherm of Nz at the liquid
nitrogen temperature. The change in size and shape of
catalysts with reduction was followed by a Hitachi H-600
transmission electron microscope.

Results and Discussion

Effect of Support Preparation on Catalytic Activity.
Hydrogen and carbon monoxide were observed as the
primary products in all the catalytic tests, and
occasionally trace amounts of methane, carbon di-
oxide, and water were detected. Methanol conversions
and product distributions obtained at 673 K are given
in Tables 2 and 3. Figure 1 shows correlations between
the catalytic activity (total gas evolution rate) and the
dispersion of Pd. The activity of the Pd/TiOz catalysts
which were prepared from various starting materials
or in different manners of pretreatment, was found to
be approximately proportional to the degree of Pd
dispersion. From Fig. 1, it is obvious that the highly
dispersed Pd on the TiO:z support having a large
surface area leads to an increase in catalytic activity.
For the Pd/TiO: catalysts prepared from TiCly
through the pretreatment with evacuation of TiOg, the
observed results indicate that both the surface area and
catalytic activity are increased by 30% and 18%,
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Fig. 1. Relationships between the apparent catalytic
activities or the turnover frequency (TF) and the
degree of Pd dispersion of Pd/TiO: (or Al2Os) cata-
lysts. Reaction temperature; 673 K, Pre-reduction
temperature; 673 K, Plots for TiOg; (O, @), for Al2Os;
@, m.



Table 2. Catalytic Activities and Selectivities of Various Supported Pd Catalysts (Reduction Temp.=673 K, Reaction Temp.=673 K,
SV=10000 h—!, and Catalytic Data were Obtained at about 1 h after the Start of Activity Test)

Support Total conv.?/ Gas evolution Selectivity? . . Turnover frequenc
(Symbol) No. Pd wi mol% rate/mol g-cat~' h=! to CO+Hz/% Pd particle size/A (TF)/h-! d i

TiOz 1 1.0 11 0.10 98.4 167 267
(T) 2 1.0 70 0.29 71.2 23 107
3 1.0 84 0.42 85.0 17 117

4 1.0 83 0.54 98.8 12 107

5 1.0 95 0.62 98.5 11 110

6 1.0 93 0.64 98.1 10 107

7 1.0 70 0.34 95.8 34 217

8 1.0 85 0.54 — 10 92

ZrO2 1 1.0 38 0.35 98.5 55 201
(Z) 2 1.0 36 0.33 97.8 139 283
3 1.0 51 0.32 99.4 23 79

4 1.0 60 0.38 99.5 12 50

5 1.0 78 0.48 99.4 12 63

6-1 0.10 48 0.30 99.6 7 231

6-2 0.25 59 0.37 99.7 8 128

6-3 0.50 62 0.38 99.6 13 101

6-4 1.00 81 0.51 96.1 27 147

6-5 1.50 69 0.43 99.7 55 165

AlxOs 1 3.0 71 0.32 97.9 59 79
(A) 2 0.5 86 0.45 97.1 30 347
3 1.0 90 0.62 96.2 32 252

4 1.0 86 0.42 96.4 36 190

a) Conversion of CH3OH. b) Corresponding to CO+Ha/(CO+Ha+CH41+COsg).

[0661 ‘Arenuef

si1s[e1e) pd parioddng uo uorsiadsiq pd JO 199117

111



112

Effects of Calcination Temperature and Reduction Temperature on Catalytic Activity and Products

Table 3.

673 K and SV=10000 h~!)

Distribution [Pd(1 wt%)/ZrOz Catalysts] (Reaction Temp.

Selectivity

Conversion/%

CHg4

Gas evolution rate/ Total conv./

Surface area/

Calcination

Reduction

TF/h™t

to CO/%

H20

COq

CO

60.5

mol%
68.3

mol g-cat™! h™!

temp./K m? g-cat™!

temp./K

88.7

4.4
1.3
3.2

0.5

1.3
1.0
1.3
0.9

1.1

1.1

0.469
0.462
0.428

47

673
823
873
973
1073

473

94.7

1.0
0.3

70.7

74.6

42
36
29
16
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94.2

80.4

85.4

97.2

0.9

81.7

84.0

0.584
0.461

96.7

0.3

1.2

81.2

84.0

=2}
N

45.8

0.5 0.5 14.1

14.8

32.4

0.113

52
46
43

673
773
823
873
973
1073

673

78.4
9

10.0

0.6

1.1
0.5

0.3

39.6

51.4

0.232

[}
=]
N

7.2

0.2
1.0
0.4
1.2

1.0
0.2

0.9
0.4

78.0

80.3

0.426

) 0
N O
0 N

97.5

78.9

80.9

0.415

36
27

97.2

0.9

81.4

83.7

0.427

249

96.4

0.4

87.1

89.3

0.520

16

13.0

11.7

0.1

0.2

2.5
19.0

19.5

0.044
0.149
0.471

673
873
973
1073

773

47.4

0.6 14.6

0.6
0.6

40.1

37

96.3

0.1

1.0
1.0

53.6

55.7

94.1

1.0

1.3

51.8

55.0

0.359
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respectively, over those of the unpretreated catalysts, as
seen in Tables 1 and 2 (comparison of T-6 with T-8).
For the Pd/Al:Os catalysts, the pretreatment with
evacuation of AlaOs gave rise to significant increases in
the surface area (26%), the dispersion (17%), and the
catalytic activity (46%). For both the Al2O3 and ZrO»
supports, though featured by relatively lower Pd
dispersions, they displayed higher activities, as seen
from Fig. 1. The present study and other ones!o-V
suggest that this primitive procedure (evacuation of
support), particularly in the case of TiOs support, is
capable of enhancement of the surface area and high
Pd dispersion.

Figure 2 illustrates the change in the total conver-
sion of methanol and selectivity to CO with reduction
temperature for the Pd/TiOz catalysts. Figure 2 shows
that the reduction at higher temperatures (above
773 K) gives rise to a significant decrease in the
activity, and that the selectivity to CO is strikingly
suppressed at 773 K and above in the reduction in such
a way that it varies from 95% at 773 K or below to 53%
at 873 K. Since Tauster et al.12 presented definitive
evidence for losses of chemisorptive capacity for Ha
and CO caused when various metal oxide-supported
transition metal catalysts, including Pd/TiOz, were
pretreated at high temperatures, many discussions
have been made in recent literatures on the influence
of MSI on chemisorption and catalytic properties of
transition metals. X-Ray diffraction patterns have
revealed that a small amount of an intermetallic
compound, given the formula TisPd on the basis of a
powder diffraction file,!? is formed at high reduction
temperatures. This finding suggests, therefore, that
the serious decline in activity may be due to the metal
coalescence which would lead to a metal-support elec-
tron transfer. Similar results were reported by Bracey
et al.1 However, the present knowledge about the
interaction of Pd with TiOg is insufficient for sat-
isfactory understanding of the influence of metal oxide

o
)
]
]

°
5280 90 E
g S
~ 60 80 ©
3 L2
5 z
©40 70 2
1] %)
° 9
=20 1603

| 1 1 1 '3
0500 800 700 800 50
Reduction temp./ K
Fig. 2. Influences of reduction temperature upon

the catalytic activity of Pd/TiOz (from TiCls) and
selectivity to CO. Calcination temperature; 823 K.
Total conversion; (O, @), selectivity; (A, A). Reac-
tion temperatures; 573 K, 673 K.
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Fig. 3. Influences of Pd dispersion in Pd/ZrOxz cata-
lysts upon the turnover frequency (TF). Catalyst
calcination temperature; 973 K. ZrOz support was
prepared from the various starting materials.

support upon the activity of Pd catalysts, because of
experimental failures, for example, to conduct some
reduction-oxidation experiment using Pd/TiOz cata-
lysts.

Catalytic Activity and Dispersion for the Pd/ZrO:
System. In the case of the Pd/ZrO: catalysts, no
simple relation between the degree of Pd dispersion
and the value of TF was found, as seen from Fig. 3.
The value of TF is not proportional to the degree of Pd
dispersion.

The elevated calcination temperature for the ZrOg
prepared from ZrOCl; depressed the dispersion slight-
ly, while the catalytic activity of Pd/ZrOz was not
proportionally lowered. The surface area of the
Pd/ZrO: catalyst (Pd 1 wt%, with ZrOs prepared from
ZrOClz) was gradually decreased as the calcination
temperature was increased, e.g., in such a way that an
increase in temperature from 673 K to 1073 K decreased
the surface area from 52 to 16 m2 g-cat-! (Table 3), and
remarkable crystallization of ZrOz above 973 K was
found by the XRD measurement. It may be specu-
lated, therefore, that the catalytic activity of Pd/ZrOz is
preferentially affected by the thermal stability of ZrOq
crystallite rather than by the dispersion of Pd or by the
surface area of ZrOz support. Figures 4 and 5 show the
changes in the catalytic activity and the selectivity to
CO for the Pd/ZrO; catalyst, respectively, as a function
of calcination temperature. In this case, the Pd/ZrOg
catalyst was pretreated at the different reduction
temperatures indicated as parameter in Figs. 4 and 5.
Both the catalytic activity and the selectivity declined
at the higher reduction temperature (773K), in
particular in the case of lower calcination temperature,

Calcination temp./K

Fig. 4. Influences of calcination temperature on the
activity (total conversion) of Pd/ZrOz catalysts. Reac-
tion temperature; 673 K. Reduction temperatures;
473K (W), 673K (A), and 773 K (O). ZrOs support
was prepared from ZrOCla.
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Fig. 5. Influences of calcination temperature on the
selectivity of Pd/ZrOz catalysts. Reaction tempera-
ture; 673 K. Reduction temperatures; 473 K (H), 673
K (A), and 773K (O). ZrOsz support was prepared
from ZrOCls.

while the selectivity to CO was not changed with
reduction temperature in the case of higher calcination
temperatures (above 923 K). On the other hand, in the
case of the lower reduction temperature (473 K), they
were little affected by the change in the calcination
temperature, as shown in Figs. 4 and 5.

As shown in Fig. 6 in which the reduction tem-
perature is 673 K, the degree of Pd dispersion exhibits a
notable decline at the calcination temperatures near
823 K, while the catalysts calcined above 823 K show
no definite change in the degree of Pd dispersion.
ZrOz support has been known to crystallize in a stable
monoclinic system at 873 K and above.!® Thus, the
favorable reduction of Pd precursor without particle
coalescence may be effected because of the loading of
Pd on the thermally stabilized ZrQs support, with
subsequent development of the essential catalytic
activity. And, no more remarkable decrease in the Pd
dispersion rather than the decrease in the activity was
found in the case of elevated calcination temperature.
The value of TF also was seriously changed by varying
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Fig. 6. Changes in turnover frequency and Pd disper-
sion with calcination temperature of Pd/ZrOs cata-
lysts. Reduction temperature; 673 K.

the amount of Pd loading or the material for ZrOs
support (Fig. 3). These results suggest that the size or
number of Pd particles as estimated from hydrogen
adsorption measurements may affect the catalytic
activity. Therefore, it can be speculated that the value
of TF is caused to change at a certain size of Pd
particle, especially in the region of high Pd dispersion,
because the catalytic activity was not proportional
directly to the surface area or the degree of Pd
dispersion.

Influence of Pd Loading on Catalytic Activity of the
Pd/ZrO: System. The activity tests of the Pd/ZrOq
catalysts which were prepared from ZrOCl; with
different Pd contents were carried out in order to know
the effect of Pd particle size on catalytic activity. We
had expected that the degree of Pd dispersion would
vary with loaded Pd content. However, the catalytic
activity was not varied in parallel with the change in
the degree of Pd dispersion, as shown in Fig. 3. Al-
though the maximum catalytic activity per gram
catalyst was attained near 1 wi% Pd content, the value
of TF calculated as the catalytic activity per Pd atom
seemed to be increased from 0.5 wt% as seen in Fig. 7. It
is significant to note from these findings that the
specific activity for the methanol decomposition
would vary with properties of Pd surface in the region
where the magnitude of metal dispersion might be
diminished and that the value of TF would be in-
fluenced significantly by the nature of surface metal. It
can be assumed that various solid phase processes such
as coalescence, migration,”? and aggregation of Pd
crystallites might occur on ZrO2 support when the Pd
loading 1is relatively large. In addition, it has been
considered - that the change in intrinsic catalytic
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activity may be attributed to the particle size of Pd for
the Pd/ZrOz catalysts employed here.

Average Size of Pd Particles and Its Distribution.
Figure 8 shows the relation between the mean particle
size of Pd and the value of TF calculated from both the
data of the Hs adsorption and activity tests. In Fig. 8,
the TF vs. particle size plots include all of the data of
the TiOg-, ZrOg-, and Al2Os-supported Pd catalysts
which were reduced for 3h at 673 K before being
subjected to catalytic activity tests. It can be seen from
Fig. 8 that a drastic change in TF takes place near a
mean Pd particle size of 10 A in the case of the TiOz
and ZrOgz supports. The TF curve for the Al2Os
support seems to be distinct from those for the TiOz or
ZrOg supports, although we cannot definitely eluci-
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date the influence of particle size upon specific
activity, because experimental data are not enough to
draw a definite conclusion. As additional informa-
tion, Fig. 8 suggests that, in the case of the ZrOz and
Ti02 supports, there is a critical particle size of Pd so
that minimum value of TF is given. It has already
been pointed out that, when a supported metal catalyst
retains the critical mean particle size of the order of
15—20 A, the metallic properties including electronic
properties of the catalyst may discontinuously vary at
the particular metal size.1®

It has also been known that highly dispersed metal
or very small metal particles on oxide supports may
allow the occurrence of SMSI when reduced at such a
high temperature that, for instance, metal-support
electron transfer may be caused.14:'”? However, the
explanation based on the SMSI effects cannot be used
for the present work because we have not yet inves-
tigated in detail whether the dispersion of Pd and the
adsorption of hydrogen are affected by the elevation of
reduction temperature. It is possible to say that the
catalytic activity of the surface of Pd particles dispersed
on supports prepared in different manners, is sensitive
to the particle size in the range 5—160 A of mean
particle size. Vannice et al.1® have reported that the
turnover frequency in methanation of CO over a TiO»-
supported Pd catalyst is independent of Pd crystallite
size, at least over the range 30—300 A of particle size. If
the SMSI effect on catalytic activity works in our case
of supported Pd catalysts, the critical Pd particle size is
about 10 A. However, no intrinsic correlation between
the Pd dispersion and the particle size effect upon the
catalytic activity has yet been definitely established,
and the clarification needs investigations in the future.
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Syntheses and Properties of the Copper(II) Complexes of
the Amphoteric Surfactants, N-Alkyl-B-alanine
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Copper(II) complexes of amphoteric surfactants, N-alkyl-B-alanine (NAA) (the number of carbon atoms in
the alkyl chains: n=2, 4, 6, 8, 10, 12), were synthesized from NAA and copper(II) chloride dihydrate by mixing in
aqueous solutions. The properties and structures of these bluish flaky complexes were investigated by elemental
analyses, infrared and far-infrared spectroscopy, electronic diffuse reflection spectroscopy, X-ray diffractometry,
and thermal analyses. As a result, all of these complexes were found to be composed of one copper(II) ion and
two NAA molecules, regardless of the chain length in the alkyl group, (Cu(NAA)z-2H20), and were also found
to have a laminated structure in the crystalline state. A linear relationship was found between the long spacings
(d/nm) of the laminated structure and the numbers of carbon atoms (n) in the N-alkyl substituents;
d=0.135n+0.62. From these results it was concluded that copper(II) complex molecules have a trans
configuration, and are extended and parallel to the normal line of the laminated planes in the crystal. A
multiunilayer model for the molecular arrangement of these copper(II) complexes has been proposed, which is
quite different from those so far proposed to explain the long spacings observed for metal soap crystals,
lyotropic liquid crystal and so on. Also, the role of the alkyl substituents in complex formation has been
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indicated.

Amphoteric surfactants of the amino-acid type have
recently found wide application because of their
excellent characteristics.? This type of surfactant is
generally known to form stable complexes with tran-
sition metal ions. However, these complexes have
been neither fully investigated regarding their funda-
mental properties, nor extensively applied.

Despite the large number of investigations on the
metal complexes of amino acids, little 1s known about
either the effect of alkyl substitution on the formation
of complexes or on these properties. It is therefore
desirable to systematically synthesize a series of metal
complexes of the amino-acid type amphoteric surfac-
tants with various lengths of alkyl chains, and to
clarify how the chain lengths affect the properties of
the resulting complex.

In our previous study? we found that N-dodecyl-B-
alanine (NDA) and copper(II) chloride resulted in the
formation of a crystalline complex having the compo-
sition 1(Cu):2(NDA) by only simple mixing in a
dilute aqueous solution; we therefore suggest that the
N-alkyl substituents play a significant role in complex
formation.

The purpose of the present study is to elucidate the
effect of the alkyl chain length on the properties of the
copper(Il) complexes of N-alkyl-B-alanine.

Experimental

Materials. N-Alkyl-B-alanine (NAA) (i.e.,, 3-(alkylam-
monio)propionate) was used. The number of carbon atoms
in the alkyl chain of NAA was 2 (NEtA), 4 (NBuA), 6
(NHeA), 8 (NOA), 10 (NDeA), and 12 (NDA). These
homologs, except for NBuA and NHeA, were synthesized
from l-aminoalkane and 3-propanolide (8-propiolactone) in

acetonitrile.  Details regarding the synthesis and the
purification of the materials have been reported elsewhere.?
Both NBuA and NHeA were especialy available from Wako
Pure Chemicals Industry. The copper(II) salt (CuClz-2H20)
was purified by recrystallization from distilled water.

Elemental Analyses. Copper was analyzed by atomic
absorption spectrophotometry with a Hitachi 180-60. Car-
bon, hydrogen, and nitrogen were simultaneously analyzed
by a thermal conductivity method. The chloride contents in
the complexes were determined by titrating the complex
solution with a standard solution of silver nitrate.

Thermal Analysis. Simultaneous TG-DTA measure-
ments were made with a Sinku Riko TGD-7000, and the
DSC were measured with a Sinku Riko DSC-7000, using a
sample of about 8 mg in each operation with a heating rate
of 5°Cmin~1in air.

Electronic Diffuse Reflection Spectra. The electronic
diffuse reflection spectra were measured from 400 to 850 nm
with a Japan Spectroscopic Ubest-50 equipped with a device
for diffuse reflection measurements.

Infrared and Far-Infrared Reflection Spectra. The infra-
red and far-infrared reflection spectra from 200 to 4000 cm—1
were measured with a Perkin Elmer FTIR 1800 equipped
with a device for diffuse-reflection measurements. In each
measurement, scannings were repeated 100 times so as to
obtain a high S/N ratio.

Powder X-Ray Diffraction. The measurements were
carried out with a Rigaku Denki RAD-rA using CuKa
radiation in the range from 2° to 50° in 2.

Syntheses of Complexes. Method (A): Both NAA (10
mmol) and the copper(II) chloride dihydrate (5 mmol) were
dissolved in 100 ml of water at about 20 °C; the pH of a
mixed solution was adjusted to about 9.0 with an aqueous
sodium hydroxide solution (0.1 moldm=3). The reaction
mixture was stirred for 1 h. The resulting precipitate was
separated by filtration and thoroughly dried up in a
desiccator. Then, a white-bluish precipitate, i.e. the mixture
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of the copper(II) complex and the copper(II) hydroxide, was
stirred with 50 ml of ethyl alcohol at about 60°C. After
removing the insoluble copper(II) hydroxide by filtration, a
deep-blue filtrate was concentrated to a small volume. The
resulting bluish, flaky microcrystals were separated by
filtration and air-dried. The yield was about 30—60%,
increasing as the chain length of NAA increased.

Method (A): B-Alanine and the copper(II) chloride
dihydrate were mixed in the alkaline solution by the same
procedure as Method (A). In this case, however, since the
copper(IT) complex of B-alanine is highly soluble in water,
the resulting complex dissolved in the filtrate. Therefore,
after removing the insoluble copper(II) hydroxide by
filtration, the complex was precipitated from the concent-
rated and cooled filtrate, and recrystallized for purification.
The yield was about 80%.

Method (B): For the higher homologs (octyl, decyl, or
dodecyl) of NAA, an alternative simple method was adopted,
since the solubilities of the complexes in an aqueous
solution were very low. Precipitation was observed
immediately after mixing NAA solutions, ranging in
concentration from 5X10~4 to 5X10~2mol.dm=3, with an
equivalent amount of the copper(I1) chloride dihydrate. The
solution pH was in the 4.0—5.5 region. The resulting
precipitate was filtered out and air-dried. The yield was
about 10—50%.

Results and Discussion

Analyses of Complexes. Elemental Analyses: Table
1 shows the results of elemental analyses of the
complexes. It was confirmed that all of the copper(II)
complexes of NAA have the composition Cu(NAA)z-
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2H:20, regardless of the alkyl chain length and the
preparation method. A copper(II) complex of B-
alanine, however, has the composition Cu(B-ala-
nine)z-4H20, which is the same as that reported.?

Thermal Analyses: The results of the thermal
gravimetry indicated that the copper(Il) complexes of
NAA lost weight endothermically by a factor which
almost corresponded to the release of two water
molecules at 90—120°C, and started to decompose
exothermically at about 170°C. The weight loss
during the first stage may be ascribed to release of two
water molecules which coordinate to the copper(1l)
atom at the two apical positions with a bond length
longer than those of the other four donor atoms in the
equatorial square around the copper(Il) atom. For the
copper(Il) complex of B-alanine, the presence of the
two coordinated water molecules at such positions was
reported on the basis of X-ray data, though the other
water molecules were also incorpolated in the crys-
tal.4.9

The decomposition of the copper(Il) complexes of
such amino acids as alanine, valine, and leucine starts
at about 220—250°C,® and hydroxyproline at 180—
210°C,? after releasing the hydrated water in each
complex. Thus, these measurements have proved to be
useful in the analysis of hydrated water.6-® However,
the decomposition temperature seems to be fairly
dependent on the nature of the ligands and on the
number of the hydrated water. The role of alkyl
substituents in the thermal stability for the copper(II)

Table 1. Elemental Analyses of Complexes
Found (Calcd)?/%
Complex

C H N Cl Cu N/Cu

Cu(B-Ala)z- 4H20Y 22.7 5.65 8.87 0 20.2 1.99
(23.1) (5.77) (8.98) (0) (20.4) (2.00)

Cu(NEtA)z: 2H20° 36.1 7.18 8.33 0 19.1 1.98
(36.2) (7.24) (8.44) (0) (19.2) (2.00)

Cu(NBuA)z-2H209 42.8 8.23 7.15 0 16.3 1.99
(43.3) (8.26) (7.22) (0) (16.4) (2.00)

Cu(NHeA)z: 2H209 47.2 8.84 6.21 0 13.8 2.04
(48.7) (9.02) (6.31) (0) (14.3) (2.00)

Cu(NOA)z-2H209 52.1 10.2 5.53 0 12.7 1.98
Cu(NOA)z - 2H209 52.3 10.1 5.55 0 12.5 2.01
(52.8) (9.61) (5.60) (0) (12.7) (2.00)

Cu(NDeA)z: 2H20° 56.0 10.5 4.92 0 11.2 1.99
Cu(NDeA)z: 2H209 56.1 10.2 4.95 0 11.3 1.97
(56.2) (10.1) (5.04) (0) (11.4) (2.00)

Cu(NDA)2: 2H20° 58.4 10.4 4.49 0 10.2 2.03
Cu(NDA)z-2H209 58.2 10.4 4.38 0 10.1 1.97
(58.9) (10.5) (4.58) (0) (10.4) (2.00)

a) Figures in parentheses are calculated values. b) Synthesized by method (A)’. c) Synthesized by method (A).

d) Synthesized by method (B).
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complexes of amino acids should be made clear.

Electronic Diffuse Reflection Spectra (EDRS): The
copper(Il) complexes of NAA are all bluish, flaky
microcrystals; the EDRS for all of these complexes
showed a maximum absorption band (Amax) at
630 nm, regardless of the chain length of the alkyl
group in crystals. Since the EDRS exactly reflects the
steric configuration,? together with such other factors
as donor atoms, solvents, etc., all of the copper(II)
complexes of NAA are supposed to have the same
steric configuration in common.

The copper(Il) complex of B-alanine, Cu(B-ala-
nine)z-4H20, in contrast to the NAA complexes, is
deeper blue (Amax=660 nm), a prismatic crystal, the
configuration of which has been determined to be a
trans isomer by three-dimension X-ray analysis.# This
red shift effect might be caused by the two hydrated
water molecules in addition to the two coordinated
water molecules. In fact, it was shown for the
copper(Il) complex of NDeA that the value of Amax is
also dependent on the presence of water molecules in
the vicinity of the copper atom; the removal of the two
coordinated water molecules brings about a blue shift
(Amax: 630 — 570 nm), and the dissolution of the
copper(Il) complex of NDeA in the micellar solution
of NDeA brings about a red shift (Amax: 630 — 660
nm).19 The effects of the coordination, crystallization,
or hydration water on the reflection spectra should be
reported in near future.

Infrared and Far-Infrared Spectra: The spectra of
NAA and copper(Il) complexes of NAA differ from
each other regarding many points as is summarized for
the NDeA complex (Table 2). The copper(II) com-
plexes of NAA lack absorption bands at 1655 cm—1 and
2355 cm~1! due to the >NHs* group, and exhibit an
absorption band at 3400 cm-! due to coordinated
water. Furthermore, in the copper(Il) complexes of
NAA the absorption band at 864 cm—! due to a gauche
mode of -(CHz)2- in the polar group of NAA shifts to a
higher frequency (890 cm-1); also, the absorption
bands at 1415 cm~1and 1564 cm~1! due to the -COO~ of
NAA shift to higher frequencies (1431 cm—! and
1570 cm=1).  These results furnish spectroscopic
evidence for the formation of the complexes of
Cu(NAA):-2H0.
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It has been shown that the absorption spectra in the
far-infrared region (200—600 cm~1) should be a crite-
rion of the steric configuration, since this region
includes absorption bands attributable to stretching
vibrations of Cu-N and Cu-O bonds.!? For com-
plexes of a cis configuration, the spectra exhibit both
asymmetric and symmetric stretching modes for the
respective bonds of Cu-N and Cu-O, while for a trans
configuration, the spectra exhibit only an asymmetirc
stretching mode. These data have been catalogued for
copper(Il) complexes of such amino acids as glycine,
L-alanine, DL-a-aminobutyric acid, pL-proline, and L-
isoleucine, whose steric configurations have been
elucidated by X-ray crystallography.1® This criterion
was used to predict the cis trans configurations of the
copper(Il) complexes of several amino acids of
previously undetermined steric configurations.”-12

" The copper(Il) complexes of NAA exhibit two
common absorption bands which are not observed for
NAA alone in the far-infrared region: 350 cm~! and
518 cm-1, which may safely be attributable to the
Cu-0 and Cu-N asymmetric stretching modes, respec-
tively. Therefore, according to the above criterion, we
concluded that these far-infrared spectra are indicative
of the trans configuration for the copper(II) complexes
of NAA.

Role of Alkyl Chain in Complex Formation. Method
(A) is similar to the synthetic methods of most
copper(Il) complexes of amino acids, since the
resulting complexes are usually soluble in water rather
than in methyl or ethyl alcohol. On the contrary, the
copper(Il) complexes of NAA are scarcely soluble in
water but are fairly soluble in ethyl alcohol. There-
fore, for the syntheses of the copper(II) complexes of
NAA, method (A)Y was modified into the present
method (A). In fact, when microcrystals of the
copper(Il) complexes of NAA (especially with the N-
alkyl substituents longer than the hexyl group) were
put on the distilled water surface, they neither
exhibited any surface pressure nor dissolved into a
subphase, at least for several days at a room tem-
perature. Furthermore, the crystals did not become
wetted with their own solutions.

Since the coordination of NAA to copper(II) ion is
in competition with the protonation of NAA, in either

Table 2. IR and Far-IR Spectra of Cu(NDeA)z:2H20

Group NDeA(cm™1) Cu(NDeA)z:2H20(cm™1) Assignment
Cu-O — 350 Asym.str.
Cu-N — 518 Asym.str.
—-(CHz)2-? 864 890 Gauche
-COO~ 1415 1431 Sym.str.

1564 1570 Asym.str.
>NH2t 1650 — Asym.deg.def.

2355 — Asym.deg.def.+twisting
-OHY — 3400 Str.

a) In the ammonio-propionate group. b) In the coordinated water molecules.
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methods (A) or (A)’, it is necessary to increase the
solution pH to the alkaline region so as to assure a
high yield of the complex. Because this procedure
inevitably results in the formation of a by-product, i.e.,
copper hydroxide, further purification of the resulting
product is required. It is therefore worth noting that,
in the cases of NAA with a N-alkyl substituent longer
than the octyl group, a simple mixing of NAA and
copper(Il) 1on results in a precipitate of the pure
complex, even in a weakly acidic aqueous solution.

This fact evidently indicates that hydrophobic
interactions between the alkyl chains of neighboring
molecules in crystals, together with coordination and
protonation reactions, play an important role in the
promotion of crystalline complex formation. Such
hydrophobic interactions have also been observed in
the following various kinds of chemical reactions; ion-
pair formation between two differently charged ionic
surfactants in aqueous solutions,!® the aminolysis of
p-nitrophenyl decanoate in an aqueous solution by
l-aminodecane!® and so on. The role of hydrophobic
moieties of NAA, by which the crystalline complex
formation is promoted, will be precisely described in a
subsequent paper.1®

An alternative feasible effect of such a side chain as
N-alkyl substituent is possible to determine steric
configurations in the complex. Interesting results
have been reported regarding the formation of ternary
copper(Il) complexes containing two amino acids (e.g.
aspartic acid and lysine, etc.). An intramolecular ion
pair formation between the two oppositely charged
amino acids residues (i.e. two side chains) may be an
effective driving force leading to ternary complex
formation and to a specific steric configuration.!®
Such a side-chain effect on the steric configuration is
also supposed for the copper(II) complex of NAA; the
cis configuration suffers from a considerable steric
hindrance, i.e., a pair of alkyl chains bonded directly
to two nitrogen atoms neighboring in the same side of
the planar square spatially exclude each other. There-
fore, this reasoning for the trans configuration of the
copper(II) complex of NAA is consistent with results
regarding the far-infrared spectra described above.

Crystal Structures of Complexes. Figures la—Ig
show X-ray (Cu Ka 0.154 nm) diffraction patterns of
the copper(II) complexes of NAA and of B-alanine
obtained by the powder method. The main peaks ob-
served in each figure can all be assigned to a single
long spacing on the basis of the Bragg condition.
Figure 2 shows a plot of the long spacing (d nm)
against the number of atoms (n) in a hydrocarbon
chain of NAA; an empirical relationship was found:

d=0.63 + 0.135n (n = 2—12). )

The value for the B-alanine complex is shown on the
ordinate for the sake of comparison; it is slightly larger
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Fig. 1. Powder X-ray diffraction patterns of the
copper(11) complexes of NDA (a), NDeA (b), NOA
(c), NHeA (d), NBuA (e), NEtA (f) and B-alanine(g).
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Fig. 2. Long spacing (d) of copper(II) complexes of
NAA vs. number of carbon atoms (n) in an alkyl
chain of NAA.

than the extrapolated value (d — 0.63, n—0). The
long spacing in each system may correspond to the
distance between copper(Il) atom layers aligned in
ordered complex layers with a laminated structure.
The increase in the long spacing per (CHgz)- in the
alkyl chain was 0.135 nm, nearly equal to the length
of -(CHz)- (0.125 nm) in crystalline N-alkane. This
means that the molecules of the copper(II) complexes
of NAA are extended and parallel to the normal line of
the laminated planes. This result is further evidence
for our model regarding the molecular arrangement of
the copper(Il) complexes of NAA in the crystal state
described in a previous paper:? The total molecular
lenght (L/nm) of the copper(Il) complexes with the
trans configuration is cvaluated from the STS molec-
ular model as:

L =0.60 + 0.125 X 2n. (2)

Therefore, the packing of the complex molecules in
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Fig. 3. A model for the copper(Il)-NDeA complex
molecule; (a), and a model for the molecular packing
in the crystals; (b).

the crystal state, e.g. for copper(II)-NDeA complex,
can be illustrated as in Fig. 3. The value of the
constant term in Eq. 2 may correspond to the size of
the polar group of the complex, i.e. roughly the size of
the B-alanine complex.

The copper(1l) complexes of NAA bear a molecular
resemblance to the divalent metal soaps; one molecule
is composed of two alkyl chains and one metal ion.
Linear relations between the parameters of d and n
have been reported for various kinds of metal soaps.1?
However, the long spacing observed in any metal
soaps is roughly twice as long as their alkyl chain
length. Furthermore, the increase in the long spacing
per methylene unit of the alkyl chain is roughly twice
as long as the length of -(CHg)-. It is therefore
reasonable to presume a multibilayer structure for
metal soap crystals, though the precise crystal struc-
ture has not yet been experimentally established. In
such a structure, the metal soap molecules in adjacent
layers are in contact both with tail-to-tail and head-to-
head. On the other hand, the molecular arrangement
of the copper(Il) complex is a multiunilayer structure
in which alkyl chains inter-penetrate one another by
turn, as shown in Fig. 3. Thus, it is worth noting that
the laminated structures of the copper(II) complexes of
NAA are quite different from those so far proposed for
metal soap crystals, lyotropic liquid crystals, vesicles
and so on.

Consequently, we have concluded that all of the
obtained copper(Il) complexes of NAA have the trans
configuration with respect to the planar square co-
ordination of two nitrogen atoms and two oxygen
atoms to the central copper(Il) atom on the basis of the
following facts: (1) The diffuse reflection spectra in
the far-infrared region exhibit only an asymmetric
stretching vibration mode for the respective bonds of
Cu-O and Cu-N. (2) The observed long spacings for
the copper(1l) complexes of NAA are well explained in
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terms of the trans configuration and of the extended
conformation of the complex molecule, as shown in
Fig. 3. (3) The copper(Il) complexes of B-alanine,
hitherto reported on the basis of X-ray analyses, have
only a trans configuration.4® (4) From the space-
filling molecular model, the cis configuration suffers
from a considerable steric hindrance.

More precise measurements concerning the three-
dimensional crystal structure of the copper(Il) com-
plexes of NAA have not been made for the time being
due to difficulty in preparing single crystals of suitable
size.
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Electrochemical Studies of Poly(mercaptohydroquinone) and Poly-
(mercapto-p-benzoquinone) Film Prepared by Electrochemical
Polymerization. IV. Preparation of Palladium
Microparticles on the Polymer Film
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The electrodeposition of Pd at microgram levels onto an electroconductive poly(hydroquinone/p-
benzoquinone) film-coated glassy carbon electrodes is described. The polymer films were chemically modified
with Pd pyridine complex and/or with Pd thiolate prior to the Pd electrodeposition. Controlled-potential
electrolysis was applied to form Pd microparticles on the polymer film from an acid PdCl; solution. The

nucleation/growth of Pd microparticles was largely promoted by these chemical modifications.

The Pd

particles on the pyridine complex-modified electrode were closely dispersed and were spherically shaped, while
on the thiolate-modified electrode the Pd deposits were irregular in shape. Both the electrodes thus prepared
exhibited high activity toward the generation of hydrogen and had good stability in acidic solution.

The electrodeposition of metal microparticles onto
polymer films has both scientific and technological
importances. In the last decade, many investigations?
have been intensively carried out using various types
of polymers coated on glassy carbon (GC) electrodes.
Oyama and Anson? showed that poly(vinylpyridine)
film could effectively bind transition metal complexes.
Recently Bartak et al.? reported the electrodeposition
of platinum microparticles on three types of poly-
(4-vinylpyridine) films on GC electrode surface. In
a previous paper? we reported the preparation of
an electroconductive (hydroquinone/p-benzoquinone)
(SQ) film by an electrooxidation of mercaptohydro-
quinone. We could attach mercapto group and/or
pyridine ring onto an SQ film by means of their addi-
tion reactions to the quinone moiety in the SQ film.
Mercapto group and pyridine ring can fix a variety of
metal ions by forming thiolates and pyridine com-
plexes, respectively. We report here on the nucleation/
growth of palladium, on SQ films chemically modi-
fied with either Pd thiolate or Pd pyridine complex
prior to the Pd electrodeposition and on SQ films
without such chemical modifications, by the electro-
reduction of palladium chloride.

Experimental

Chemicals and Fixation of Pd in SQ Film. Mercapto-
hydroquinone was synthesized and purified according to the
method described in our previous paper.? The chemicals
used for the synthesis of mercaphohydroquinone were of
reagent grade. The palladium chloride used for the
electrodeposition and the other inorganic reagents were of
reagent grade and used without further purification. The
substrate electrode used was a GC electrode 3mm in
diameter. Before polymer coating, the GC electrode was first
polished successively with 5.0 and 0.3 pm alumina (Buehler
Co.) and then subjected to an ultrasonic cleaning with
deionized water for at least 10 min to remove any residual
alumina off the surface. The SQ film on the GC electrode

was prepared by anodic polymerization of 1 mM (1 M=1
mol dm=3) mercaptohydroquinone at a constant potential of
+0.5V vs. saturated calomel electrode (SCE) in a Britton-
Robinson buffer solution of pH 5.0 containing 20 vol%
ethanol. The SQ film-coated GC electrode was placed in a
Britton-Robinson buffer solution of pH 5.0 containing
either 2 mM 4-mercaptopyridine or 2 mM sodium hydrogen-
sulfide under a nitrogen atmosphere for 3h in order to
introduce the mercaptopyridine or the mercapto group,
respectively, to the quinone ring in the SQ film. After
washing with a large amount of deionized water, the
electrode was put in 1M hydrochloric acid solution
containing 0.4 mM palladium chloride in order to form
either Pd pyridine complex or Pd thiolate. In this paper, the
Pd pyridine complex-modified GC electrode and the Pd
thiolate-modified one are referred to as SQ-Py-Pd and SQ-S-
Pd, respectively.

Apparatus and Procedures. The apparatus used for the
preparation of SQ film on the GC electrode has previously
been described.? An SCE was used as a reference electrode
and all potential values cited in this paper are those referred
to the SCE. A controlled-potential electrolysis at —0.1 V was
applied to disperse Pd deposit onto both the SQ-Py-Pd and
the SQ-S-Pd from a still solution containing 1 M hydro-
chloric acid and 0.4 mM palladium chloride. The amount of
Pd deposit was quantitated from the total charge consumed
during the electrochemical process by assuming 100%
current efficiency and ignoring a slight amount of the Pd
fixed by forming the thiolate and/or the pyridine complex
prior to the electrodeposition. Electrode surfaces before and
after the electrodeposition were examined by using a
scanning electron microscope (SEM) (JEOL JSM-35C). The
elemental identity of the deposit was determined with an
electron spectroscopy for chemical analysis (ESCA)
(Shimadzu ASIX-1000). The surfaces of sample electrodes
were washed with deionized water and air dried before ESCA
analysis. Voltammetric measurements were carried out with
a standard three-electrode system consisting of an SQ film-
coated GC working electrode, a Pt plate counter electrode,
and an SCE reference electrode having an agar bridge of
saturated potassium chloride.



122 Gorou Aral, Kiyofumi Matsumoto, Toshiyuki MurorusHI, and Iwao YASUMORI

Results and Discussion

Pd Deposition onto SQ Film. An examination of
the SQ film by SEM has revealed that the surface of the
film is relatively smooth and pinhole free over the
whole surface as shown in Fig. 1. The flim thickness
was estimated to be ca. 2 pym from the SEM photo-
graph of boundaries between the film and the GC elec-
trode. The “real” SQ film under the electrodeposition
will be more bulky and thicker than the SEM image of
the SQ film which is air dried. Figure 2 shows the SQ
surface image by SEM when the elecrodeposition was
carried out for 10 min. Particlelike deposits having
various sizes of less than 1 um in diameter were visible
on the surface with very little deposition. These
microparticles were identified as Pd deposit by XPS
analysis where two peaks based on Pd 3d could be
obtained at 335 and 340 eV.

Pd Deposition onto SQ-Py-Pd. Any image of Pd
particles was not found by SEM at magnification 5000
on the SQ-Py-Pd film before the electroreduction of
palladium chloride, though XPS peaks based on Pd 3d
could been obtained. After an electrodeposition for
30, obscure Pd ultramicroparticle images ca. 500—
700 A in diameter could be observed by SEM at a
higher magnification (Fig. 3). The image size grew

i

Fig. 1. SEM photograph of a vertical sectional view
(a) and the surface (b) of the SQ film on the GC
electrode. (a) and (b) are under the same magnifi-
cation.
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with deposition time and after 6 min spherical Pd
microparticles of nearly equal size, ca. 1000A in
diameter, were closely packed together throughout the
surface of the SQ-Py-Pd film (Figs. 4-(a) and -(b)). A
variation in the brightness of the particle images was
observed on the Pd microparticles in Fig. 4-(b). The
brightness variation seemed to be independent of the
particle size. The darker images probably are particles
buried in the SQ film. The particles continued to
grow spherically with time and after ca. 7 min began
to aggregate partially all over the film surface. In

o

Fig. 2. SEM photograph of Pd microparticles depos-
ited on the SQ film. The microparticles were pre-
pared by the electroreducion of PdClz at —0.1 V vs.
SCE for 10 min at room temperature using astill 1 M
HCI solution containing 0.4 mM PdCl.

WMAW//////AW/% '% i

Fig. 3. SEM photograph of Pd ultramicroparticles
deposited on the SQ-Py-Pd film. The ultramicropar-
ticles were prepared by the electroreduction of PdCls
for 30 s. Other electrodeposition conditions were the
same as those in Fig. 2.
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B "

Fig. 4. SEM photograph (a) of Pd microparticles deposited on the SQ-Py-Pd film and an enlargement
photograph (b) of (a). The microparticles were prepared by the electroreduction of PdCls for 6 min.
Other electrodeposition conditions were the same as those in Fig. 2.

Fig. 5.
the SQ-Py-Pd film. The particles were prepared by
the electroreducion of PdCl; under a slow stirring of
the PdCl: solution. Other electrodeposition condi-
tions were the same as those in Fig. 4.

SEM photograph of Pd particles deposited on

addition, the nucleation/growth rate of the Pd micro-
particles seemed to be accelerated by stirring the
palladium chloride solution. Figure 5 shows the
grown Pd particles on the SQ-Py-Pd film after the
electrodeposition for 6 min with a slow stirring. The
deposits appear to be made up of aggregated poly-
crystalline particles or of coalesced particle clusters.
The present deposits may be dispersed only two-
dimensionally on the surface of the film because all the

SEM particle images have nearly equal brightness.
Further, it was also observed that an increase in the
concentration of palladium chloride resulted in an
increase in particle size for a given electrodeposition
time. When 2-mercaptopyridine was used for fixing
Pd instead of 4-mercaptopyridine, Pd microparticles of
nearly equal size could be observed by SEM after an
electrodeposition for 5 min under the same deposition
conditions as those for the SQ-Py-Pd, though the
particle population density appeared to be slightly
lower.

Pd Deposition onto SQ-S-Pd. The surface of the
SQ-S-Pd film became rougher and increased in
brightness, especially at edges of cracks and projec-
tions on the film surface, with an increase in the
electrodeposition time up to ca. 20 min. Figures 6 and
7 show SEM photographs of surface images of the SQ-
S-Pd film after 3 and 6 min, respectively. Any
spherical Pd microparticles were observed on neither
of them, though the XPS peaks based on Pd 3d ap-
peared at the same binding energy levels as those for
the SQ-Py-Pd. After a much longer time, 30 min,
freshly deposited spherical Pd microparticles were
observed on a rough surface of the film by SEM.

Electrochemical Characterization and Stability. Fig-
ure 8 shows a cyclic voltammogram illustrating the
catalytic generation of hydrogen at the SQ-Py-Pd with
a Pd loading of 8.2 pg cm~2 which was prepared by an
electrodeposition for 6 min, in 1 M Ha80O4. The cyclic
voltammetric response in the range of +0.2 to +0.7 V is
based on the redox reaction of the SQ film itself. A
cathodic peak and an ill-defined anodic peak probably
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Fig. 6. SEM photograph of Pd deposits on the SQ-
S-Pd film. The Pd deposits were prepared by the
electrodeposition of PdAClz for 3 min. Other elec-
trodeposition conditions were the same as those in
Fig. 2.

Fig. 7. SEM photograph of Pd deposits on the SQ-
S-Pd film. The Pd deposits were prepared by the
electroreduction of PdCl; for 6 min.

based on the adsorption-desorption of hydrogen
appeared at —0.22 and in the range of +0.04 to
—0.05V, respectively, and increased in height with
electrodeposition time up to ca. 6min and then
gradually decreased. On the other hand, these waves
based on the adsorption/desorption of hydrogen were
observed to be comparatively small in size on the SQ-S-
Pd having a nearly equal amount of Pd loading.

The logarithm of the cathodic current for Ha
evolution was plotted vs. the potential up to the
overpotential of ca. 150 mV (Tafel plot). The linear
portion of each Tafel plot was extrapolated to the
current axis to determine the exchange current. The
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V vs, SCE

Fig. 8. Cyclic voltammogram for hydrogen evolu-
tion at the SQ-Py-Pd having a Pd loading level of
8.2 ug cm~2 in a 1 M H3SO4 aqueous solution in a N
atmosphere at room temperature. The electode used
here is the same as that of Fig. 4. Scan rate: 50 mV s~1.

exchange current density, Io, appeared to increase up
to some critical value with increasing Pd loading on
both of the SQ-Py-Pd and the SQ-S-Pd. The Io values
vs. Pd loading levels are listed in Table 1. The Ip value
on the SQ-Py-Pd with a Pd loading of 8.2 ug cm~21is of
the same order of magnitude or larger than the liter-
ature value® of ca. ] mA cm~2 for smooth Pd in 1 M
H2SO4. Due to the increasing roughness of the SQ
film surface with depositing Pd, all Ip values listed
here are reported on the basis of the GC surface area.
Table 1 shows that the electroreduction of palladi-
um chloride on the SQ film is largely promoted
through the palladium fixation in the film prior to the
electrodeposition, that is to say, the fixed palladium
may behave as an effective electroactive site toward the
Pd electrodeposition. This estimation is also substan-
tiated by the SEM analysis of the Pd microparticles
electrodeposited on the film surface. Judging from the
SEM photograph shown in Fig. 2 where the Pd micro-
particle images less than lpm in diameter were
obseved on the surface of the SQ film having a
thickness of ca. 2 um, it is reasonable to assume that
the Pd microparticles in Fig. 2 resulted from the
electroreduction of palladium chloride on the SQ film
rather than on the GC substrate electrode, that 1s to
say, the hydroquinone moiety, an electroactive site in
the film, may participate directly in the electroreduc-
tion of palladium chloride as well as the fixed Pd prior
to the electrodeposition. Table 1 and the SEM analysis
also suggest that the electroreduction reaction of
palladium chloride on the Pd fixed in the film may
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Table 1.

Nucleation and Growth of Pd Microparticles

125

Comparison of Pd Loading Levels and Exchange Current Densities (Io) for Hydrogen

Generation on the SQ-Py-Pd, SQ-S-Pd, and SQ films Coated on GC Electrodes

Reduction average?

Deposition time

Loading level® Io

Electrode current density
A cm™2 min pg cm™2 mA cm™2
SQ'PY'Pd 41.5 6 8.9 »
SQ-S-Pd 38.5 6 7.6 0.8
5Q 18.5 6 3.6 _

a) Average values were obtained from ca. 10 trials. b) The loading levels of the total charge consumed during
the electroreduction of PdCl; by assuming 100% current efficiency.

proceed more rapidly than that on the hydroquinone
moiety in the film.

The nucleation step in electrocrystallization on
metal surfaces is known to follow either simultaneous
or progressive nucleation.® In the simultaneous
nucleation, many nuclei are formed at nearly the same
time with a short induction time, and then these nuclei
grow similarly in size. In the progressive nucleation,
nuclei are formed over a range of time and grow to
produce metal crystals having a variety of sizes. The
Pd nucleation/growth on the SQ-Py-Pd film appears
to follow the simultaneous nucleation judging from
the SEM analysis, while on the SQ-S-Pd film the
aggregation of nuclei will occur at relatively early
nucleation step and grow progressively to form
various shapes of Pd deposits as shown in Fig. 7,
because the Pd nuclei strongly bound by a covalent
bond will not be torn from the fixed site but grow in
size. The detailed mechanism which can explain the
present serious difference in the Pd nucleation/growth
between the SQ-Py-Pd and the SQ-S-Pd, is obscure
now. In order to clarify the mechanism, a more
extensive investigation is in progress.

The long-term stability of these electrodes modified
with Pd microparticles and/or Pd deposit was ex-
amined by continuous soaking in 1 M H2504 aqueous
solution. There was observed neither appreciable
peeling of the SQ film nor deterioration of the

catalytic activity for hydrogen generation on the
surfaces of these electrodes after 24 h of soaking in the
above acidic solution. The stability of these electrodes
for Hs generation was tested by controlled potential
electrolysis at —0.1V for 1h in the above acidic
solution. Little change in appearance of the electrode
surface was observed by SEM.
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Aluminium-Containing Polymethylsiloxane as a New Solid Acid Catalyst
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An aluminium-containing polymethylsiloxane (AMS) was prepared in an aqueous system using
methyltrichlorosilane, dimethyldichlorosilane, and aluminium hydroxide as the starting materials, and its
applicability as a new solid acid catalyst was examined. AMS is an amorphous hydrophobic solid with a high
surface area (ca. 250 m2 g~1) and a relatively high thermal stability (max. 573 K in air). The adsorption of basic
indicators indicated that acid sites with a medium strength (pK.=1.5) exist on AMS, and protic acid sites were
detected on AMS by the IR spectra of adsorbed pyridine. These acid sites differ from the aprotic sites found on
alumina. Though those on AMS are able to catalyze the dehydration of pinacol in the vapor phase, they are
inactive for the hydrolysis of methyl acetate in an aqueous system.

As is well-known, organopolysiloxanes containing
various kinds of organic groups (CHs, C:Hs, CsHs,
ClCeHy, etc.) have many excellent properties such as
good thermal stability, electric insulation, and resistance
to chemicals and water, and have been used widely as
oil, grease, rubber, resin, and so on. For improvements
in the thermal and oxidative stabilities of these
materials, various kinds of polymetalloorganosilox-
anes,’»? in which portions of silicon atoms of
siloxanes are replaced by other metals (Al, Zn, Ti, B,
etc.) have also been prepared. These organometallic
polymers are interesting as materials for the prepara-
tion of solid catalysts, especially owing to their
relatively high heat stability. In fact, Suzuki et al.?
have recently reported that polyorganosiloxanes bearing
sulfo groups are better catalysts for the nitration of
benzene in the vapor phase than are their corresponding
ion-exchange resins.

It is well-known that many binary oxide catalysts,
such as silica-alumina? and silica-titania,® exhibit
acid properties different from those of component
single oxides, and that these phenomena may be
explained® in terms of the localization of electric
charge due to changes in the coordination numbers of
oxygen atoms, accompanied by the formation of
M-0O-M’ bonding (M and M’ stand for different metal
atoms whose coordination numbers differ from each
other). A similar phenomenon was reported for the
case of organosilane compounds: Saegusa et al.?
reported that aluminium silanolates might act as acid
catalysts for the polymerization of cyclic and vinyl
ethers as a result of the development of acid properties
from their Si-O-Al bondings.

From the information described above, it is strongly
expected that polyorganosiloxanes containing various
kinds of metals such as Al, Mg, and Ti would be acid,
and that there is a possibility that these materials
might act as solid acid catalysts with relatively high
thermal stability. However, such a possibility has
scarcely been examined so far.

In the present study, as a first step toward examining
this possibility, an aluminium-containing polymethyl-
siloxane (AMS) was prepared and several fundamental
properties were measured in order to examine its
applicability as a solid acid catalyst.

Experimental

Materials. Methyltrichlorosilane (MTCS) and dimethyl-
dichlorosilane (DMCS) were obtained from Shin-Etsu
Chemical Industry Co. and were used without further
purification. Aluminium hydroxide (Kanto Chemical Co.,
GR grade) was used as the source of aluminium. A series of
commercially available basic indicators (Tokyo Kasei Kogyo
Co., GR or EP grade), Methyl Red (pK.=4.8), 4-phenyl-
aminoazobenzene (pK.=4.0), p-dimethylaminoazobenzene
(pK.=3.3), 4-(phenylazo)diphenylamine (pK.=1.5), dicin-
namylideneacetone (pK.=—3.0), benzylideneacetophenone
(pK.=—5.6), and anthraquinone (pK.=—8.2), was used in a
0.1 wt% dry benzene solution to measure the strength of acid
sites. Commercially available silica—alumina catalyst (Nikki
Chemical Co., N631-L, 13 wt% Al2O3) having a specific
surface area of 500 m2 g1, was used as a reference. Methyl
acetate (Wako Pure Chemical Industries) and pinacol
(Aldlich, hydrated form) were used as reactants in order to
examine catalytic activity; pinacol was dried before use by
recrystallization from ether followed by desiccation with
Molecular Sieve 3A.

Preparations. MTCS (4.5 g) and 2.0 g of DMCS (MTCS/
DMCS molar ratio 2.0) were dissolved in 20 cm3 of ethanol
with cooling. Aluminium hydroxide (0.7 g) was dissolved in
200 cmB of aqueous 3.8 wt% sodium hydroxide solution. The
two solutions were mixed once at a time with vigorous
stirring, the Si/Al ratio in the solution being 4.5. Then, the
pH of the solution was lowered rapidly to 9 with
concentrated hydrochloric acid. Stirring was continued for
ca. 12 h at room temperature, then for an additional 5 h at
353 K to completion of the reaction. The precipitate formed
was filtered and washed with distilled water. The solid
obtained, which will hereinafter be designated AMS-I1
(aluminium ion-containing methylpolysiloxane-1), was dried
at 373 K. AMS-1 was mixed with a small amount of ethanol,
dispersed in distilled water, washed three times with
0.5 mol dm—3 ammonium chloride solution to remove the
remaining sodium cations, and finally washed with distilled
water until no chloride ion was detected in the filtrates. The
obtained solid (hereinafter designated AMS-2) was dried
overnight at 373 K.

By a similar method, methylpolysiloxane (MS), one of the
components of AMS-1 and -2, was prepared from only a



January, 1990]

mixture of MTCS and DMCS as a reference. Similarly,
alumina (AL), the other component of AMS, was also
prepared as a reference from aluminium hydroxide. Each of
the samples was activated at 473—773 K in air before use.

Measurements. The acid strength was measured in dry
benzene using the conventional indicator method.® In this
study the strengths of the acid sites were expressed
semiquantitatively in terms of the pK, value of the weakest
indicator that can be adsorbed in its acid form; thus, stronger
acid sites have smaller pK, values. IR spectra were measured
with a spectrophotometer (Shimadzu Corp., IR-400) on
pelletized mixtures of 1 mg of sample powder and 250—
300 mg of KBr powder. The IR spectra of the adsorbed
pyridine were measured qualitatively using the same
spectrophotometer by a simplified method as follows.
Fifteen milligrams of an activated sample were pressed into a
disk without using KBr, heated at the activation temperature
for 1 h, and transferred quickly into a 50 cm3 Erlenmeyer’s
flask provided with a tight ground-glass cap. A four
mmol/g-catalyst of pyridine was injected into the flask, and
the flask was kept at 393K for 1 h for adsorption. The
sample disk was taken out, and its IR spectrum was recorded.
X-Ray powder diffraction patterns were recorded on an X-
ray diffractometer (Rigaku Denki Co., Geigerflex RAD-1A).
Surface areas were measured with an instrument (Shimadzu
Corp., ADS-1B) by the BET method using the adsorption of
nitrogen at 77 K.

Test Reactions. For the hydrolysis of ester, 1.0 cm? of
methyl acetate was dissolved in 20 cm3 of distilled water. A
sample powder (0.1 g) was suspended in the solution and
stirred at 323K for 1—12h. A 5.0cm3 aliquot of the
supernatant liquid was titrated with 0.1 mol dm—3 sodium
hydroxide solution in order to determine the acetic acid
produced as a poduct.
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Dehydration of pinacol was carried out by a pulse method.
Fifty milligrams of an activated sample powder were
charged in a U-shaped glass reaction tube (i.d. 3.0 mm) and
pretreated at 523 K for 1 h in a helium flow (30 cm3 min—1);
then, pinacol was injected in 3.5ul pulses. The products
were analyzed with a gas chromatograph (Shimadzu Corp.,
GC-4BT). Major products, pinacolon and 2,3-dimethyl-1,3-
butadiene, were identified and determined by comparing
their retention times and peak areas with those of respective
commercially available reagents.

Results and Discussion

Acid Strength and Affinity to Water. The effect of
the activation temperature on the acid strength of
AMS-1, AMS-2, and their components, MS and AL, is
given in Table 1. The affinity to water of the samples,
namely whether a sample is hydrophobic or not, is
also shown in the table. This property can easily be
determined because a hydrophobic sample, when
added to distilled water, is allowed to float on the
water, and never caused to enter the liquid phase.
When a sample is hydrophilic, it sinks immediately
into the water. Since the hydrophobic property can be
regarded as being due to the existence of a methyl
group, the highest activation temperature at which the
hydrophobic property is maintained is useful for
roughly determining the thermal stability of AMS and
MS.

As shown in Table 1, MS and AMS-1 treated below
573 K and AMS-2 treated below 673 K are hydrophobic.
These results indicate that the methyl groups contained
in these solids are stable up to ca. 573—673 K. Since

Table 1. Hydrophobic and Acid Property of MS, AL, AMS-1, and AMS-2
Heating condition Hydrophobic pK. and color of indicator?®
Sample -
T/K Time/h  property” 48 40 33 15 —30 —56 —82
373 >12 + - - - - - -
473 3 + - - - - - -
MS 573 3 + - - - - - -
673 3 — - - - - - -
773 3 - - — — — — -
373 >12 - + + - - - -
473 3 - + + - - - —
AL 573 3 - + + + + + -
673 3 - + + + + + * —
773 3 - + + + + + + +
373 >12 + - - —
473 3 + — — - - —
AMS-1 573 3 + - - - -
673 3 - + + + - - -
773 3 - + + - - - -
373 >12 + - - - - - —
473 3 + + - - - - -
AMS-2 573 3 + + + + + + -
673 3 + + + + + + + -
713 3 - + + + + + -

a) +, hydrophobic; —, hydrophilic. b) +, acidic color; —, basic color; *, physically adsorbed.
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many types of silicone rubber are stable up to ca.
573 K, the thermal stability of MS and AMS can be
regarded as being nearly equal to that of silicone
rubber.

MS is not acid, as shown in Table 1, irrespective of
the treating temperatures. On the other hand, AL is
acid with a medium strength (pK.=4.0—1.5). AMS-1
becomes slightly acid (pK.=4.0) when treated above
673 K. Of the samples, only AMS-2 treated at 573—
673 K is hydrophobic, with a strength (pK.,=1.5——3.0)
equal to or stronger than that of AL. Since the acid
strength of a silica-alumina catalyst is pK,=—8.2, the
acid sites on MSA-2 are weaker than those on this
catalyst. The remarkable difference in the acid
strength between AMS-1 and AMS-2 can be explained
as follows. Since sodium cations are capable of
neutralizing both protic (Brgnsted type) and aprotic
(Lewis type) acid sites,? the acid sites on AMS-1 were
neutralized with sodium cations which coexisted in
quantity in the preparation stage of AMS-1. On the
other hand, in the case of AMS-2, sodium cations were
exchanged in advance with ammonium ions by
treatments with an ammonium chloride solution, so
that the acid sites could be formed on AMS-2 as a result
of the decomposition of ammonium ions above 573 K
in a similar manner as in the case of zeolites. With this
case, it 1s known that the ammonium ion of Y-zeolitel®
is decomposed to ammonia and a proton by heat
treatment at 413—633 K, the latter being retained on
the surface as a Brgnsted acid site.

IR Spectra. The IR spectra of AMS-2 treated at 473,
573, and 673 K (spectra 1, 2, and 3, respectively) are
shown in Fig. 1. For a comparison, the spectrum of
commercial silica-alumina treated at 723 K is also

— Transmittance
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Fig. 1. IR spectra of AMS-2 heat treated for 3 h and
of silica-alumina (N631-L) treated at 723 K for 3 h.
Treating temperatures of AMS-2: 1, 473 K; 2, 573 K;
3, 673 K; 4, silica-alumina.
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shown (spectrum 4) in this figure. The spectra of
AMS-2 treated at 373 and 773 K are nearly identical
with spectra 1 and 3, respectively; thus, they are not
shown in this figure. AMS-2 treated at 473 K shows a
strong absorption band at 1265 cm—! and a weak one at
1400 cm~!. These two bands may be ascribed to the
symmetric and asymmetric deformation vibrations of
the methyl group! bound to the silicon atom,
respectively. The intensities of these bands are not
changed substantially upon treatment at 373—473 K,
but are reduced distinctly when AMS-2 is treated at
573 K. These bands disappear in the spectrum of
AMS-2 treated above 673 K, and the spectrum is in
qualitative agreement with that of silica-alumina. On
the other hand, as shown in Table 1, AMS-2 treated at
673 K is hydrophobic. The explanation for this
contrast may be that a small number of methyl groups
(difficult to detect from IR spectra, but sufficient to
impart a hydrophobic property) still remain on
AMS-1. From these results it is concluded that AMS-2
is stable below 473 K, and that a portion of the methyl
groups are decomposed by the treatment at 573 K.

X-Ray Diffraction and Specific Surface Area. X-
Ray diffraction measurements were carried out on
AMS-2 treated at 373, 573, and 773 K; none of them
produced diffraction lines. These resuls indicate that
AMS-2 is amorphous at least up to 773 K. It is known?
that polytitanomethylsiloxanes are also amorphous at
room temperature. As is well-known, silica-alumina
catalysts are amorphous, so that AMS-2 can be
regarded as being a structure like silica-alumina in
which a portion of the oxygen atoms have been
replaced with methyl groups directly bound to the
silicon atoms.

The relation between the treating temperature and
the specific surface area of AMS-2 is shown in Fig. 2.
AMS-2 heat treated at 473 K gave a value of about
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Fig. 2. Relation between specific surface area and
heating temperature of AMS-2.
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250 m2 g—1; this value was maintained after a treatment
at 573 K. When AMS-2 was treated at temperatures
higher than 573 K, a remarkable decrease in the surface
area was observed. The surface areas of AMS-2 treated
at 673—773 K are equal to about 1/10 of those treated
at 473—573 K. Since the temperature range where the
abrupt decrease in surface area occurs (573—673 K) is
the same as the temperature range where the absorp-
tion bands of methyl groups disappear in the IR
spectra, the decrease in the surface area may be taken to
be caused by a destruction of the porous structure due
to a pyrolysis of methyl groups. From these results it is
concluded that 573 K is the highest temperature which
can provide AMS-2 with high surface areas.

IR Spectra of Adsorbed Pyridine. The IR spectra of
pyridine adsorbed on AMS-2 were measured using
AMS-2 treated at 573 K for 3h. The obtained spectra
are shown in Fig. 3, together with the background
spectrum (curve 1). Curve 2 shows the spectrum
measured immediately after pyridine adsorption, so as
to avoid the effect of moisture. By comparing the
spectrum with the results reported by Parry,® the
absorption peaks which appear around 1492 and
1548 cn—! may be assigned to the pyridinium ion, and
the peak around 1444 cm~! may be taken as corre-
sponding to hydrogen-bonded pyridine. A band of
coordinately bound pyridine (1450 cm~1) in associa-
tion with Lewis acid sites was not observed. However,
an absence of Lewis type sites cannot be concluded
from this result. Since the sample was constantly
exposed to moisture during the measurement of its
spectrum, there is a possibility that all Lewis acid sites,
if present, would have been converted into Brgnsted-
type sites due to the adsorption of water, in the same
manner as in the case? of a silica-alumina catalyst.
Curve 3 shows the spectrum of AMS-2 which was

|
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Fig. 3. IR spectra of pyridine adsorbed on AMS-2.
1, background; 2, immediately after pyridine adsorp-
tion at 393 K for 1 h; 3, heated at 573 K for 3 h after
pyridine adsorption.
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exposed to pyridine vapor and then heated at 573 K for
l1h. Though the bands corresponding to weak
adsorption due to hydrogen bonding disappeared, the
band for the strong adsorption due to pyridinium ion
remained. From these results, it may be concluded that
AMS-2 possesses at least Brgnsted acid sites, a
conclusion which is in harmory with the results
obtained using the adsorption of basic indicators.

It is known that alumina, one of the components of
AMS-2, contains only Lewis acid sites;?-12,13 MS, the
other component, is nonacidic, as shown in Table 1.
From these facts, it can be concluded that the acid sites
on AMS-2 do not originate from those on the
components, but are newly produced by the formation
of Si-O-Al bonding.

Hydrolysis of Methyl Acetate and Dehydration of
Pinacol. Catalytic activity was examined using an
AMS-2 which was heat-treated at 573 K for 3 h, because,
among the samples, only this one possessed an acid
property with moderate strength and high surface
area, and contained a considerable number of methyl
groups.

Namba et al.1® reported that high-silica zeolites are
active as acid catalysts for the hydrolysis of ester in
aqueous solution because of their hydrophobic prop-
erty, whereas silica-alumina catalyst, though hydro-
philic 1n nature, is inactive. Since AMS-2 is
hydrophobic, there is a possibility that this sample is
active as a solid acid catalyst in aqueous solution. To
examine this possibility, the hydrolysis of methyl
acetate by AMS-2 was examined in an aqueous system.
However, the expected reaction did not proceed
substantially, which indicates that AMS-2 is not active
in aqueous solution. This result implies that the
hydrophobic property of AMS-2 is not effective to
protect the acid sites from water.

P

80r

Conversion and selectivity/%

=274 & 8 10
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Fig. 4. Conversion of pinacol and the selectivity for
pinacolone on AMS-2 and silica-alumina (N631-L)
at 523 K. O, A: conversion on AMS-2 and silica-
alumina, respectively. @, A: selectivity on AMS-2
and silica-alumina, respectively.
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It is well-known that the dehydration of pinacol
is allowed to proceed by acid catalyst; this reaction
was therefore selected as the test reaction to examine
the catalytic activity of AMS-2 in the gas phase. The
obtained results are shown in Fig. 4. For a
comparison, the results obtained with a commercial
silica—alumina catalyst are included in the figure. The
conversion of pinacol on AMS-2 is practically 100%
within the 10 pulses tested, and the products obtained
are pinacolon (PCN), 2,3-dimethyl-1,3-butadiene (DMB),
and water. The selectivity for PCN gradually
decreased from 86% for the first pulse to 78% for the
final. These results are important because they
demonstrate that AMS-2 acts as a solid acid catalyst in
the gas phase. Silica-alumina also showed similar
activity, though the selectivity is somewhat different
from that of AMS-2 in that the selectivity for PCN
gradually increased with the pulse number.

In conclusion, it has been demonstrated that
aluminium-containing polymethylsiloxane is an amor-
phous, relatively heat-stable solid acid with a high
surface area, and that the acid sites are active in the
vapor phase, but are inactive in aqueous systems. The
appearance of these acid sites can be ascribed to the
formation of Si-O-Al bonding. This substance is
interesting as a new type acid catalyst or support.
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The mechanism of photoreduction of benzophenone (BP) by diphenylamine (DPA) in isooctane as well as
acetonitrile and other polar solvents has been investigated by means of picosecond laser photolysis and time-
resolved transient absorption spectral measurements. The results of measurements have demonstrated clearly
that the hydrogen abstraction and charge transfer (CT) or ion pair (IP) state formation by electron transfer are
competing at encounter between triplet benzophenone (3BP*) and DPA both in nonpolar and polar solvent, and
the CT or IP state relaxed with respect to the donor acceptor configurations and solvation does not contribute to
the ketyl radical formation. It has been concluded that the very short-lived CT state at encounter between 3BP*
and DPA plays a crucial role in the hydrogen abstraction reaction, i.e. the mutual orientation of 3BP* and DPA
in this very short-lived CT state at encounter will determine the successive process, the formation of the ketyl

radical or relaxed CT or IP state.

The photoinduced electron transter (ET) and
subsequent dynamic processes are the most funda-
mental and important problems in photochemical
primary processes in condensed phase.l¥  The
elucidation of the factors controlling the behaviors of
the ET state in the photochemical reaction is of crucial
importance.

The photoreduction of excited triplet benzophenone
(3BP*) in solution has been extensively studied and a
number of results have been reported.5-% Especially,
much attention has been paid to the hydrogen
abstraction of 3BP* from aliphatic as well as aromatic
amines. The reaction yield of the hydrogen abstrac-
tion from the amine is usually very high and the
reaction rate is rather close to that of the diffusion-
controlled reaction. This efficient and rapid reduction
process has been considered to be due to the
participation of the charge-transfer (CT) interaction
between 3BP* and amines in the reaction, since the rate
of the hydrogen abstraction of 3BP* from 2-propanol is
about 102 times smaller than those from amines. On
the basis of such results, Cohen et al. proposed? the
reaction mechanism of the hydrogen abstraction of
3BP* from amines, which assumed the CT complex or
ion-pair formation followed by proton transfer;

SBP* + AH —> 3BP- ... AH¥) ——» (BPH + A)
oo fanster

where AH is an amine and BPH is a ketyl radical.
Arimitsu et al. investigated®:® the quenching of
3BP* by various kinds of amines by observing the
transient absorption with a nanosecond laser pho-
tolysis method. On the basis of the observed
dependence of the yield of the BPH radical on the
oxidation potential of the amine, they concluded that
the BPH formation was in competition with the
production of the solvated free ion. In other word, it
was considered that the CT or the ion-pair (IP) state
prior to the solvation was the species undergoing the

proton transfer leading to the BPH formation and that
this proton transfer in the IP state competed with the
solvation leading to the ionic dissociation. On the
other hands, Peters and co-workers!o-13 investigated
the picosecond dynamics of the excited benzophenone
and amine systems. On the basis of the observed time-
dependent spectral shift of the benzophenone anion
radical, they concluded that the structural change of
the solvent separated IP formed by the ET between
3BP* and amine, to the contact IP was the key process
for the proton transfer to take place.

Summarizing the above extensive studies on the
photoreduction of the excited benzophenone at the
present stage of the investigation, the dependence of
the proton-transfer process on the structure of the
intermediate CT or IP state seems to be an important
point for the elucidation of the reaction mechanism.
In this respect, we have conducted detailed picosecond
and femtosecond laser photolysis studies on the
reaction of excited benzophenone with various aro-
matic and aliphatic amines in nonpolar as well as
polar solvents. Owing to these investigations with
more direct and quantitative time-resolved spectral
measurements, the reaction mechanisms have now
become much clearer.

In the present paper, results of the picosecond laser
photolysis studies on the reactions of the excited
benzophenone with diphenylamine in several solvents
of different polarity will be reported. The relation
between the CT or IP state formation and the
hydrogen abstraction process will be discussed and the
mechanisms of the hydrogen abstraction will be
reconsidered including the photochemistry of the
excited singlet state benzophenone.

Experimental

Laser Photolysis Apparatus and Purification of Samples.
A microcomputer-controlled picosecond laser photolysis
system with a repetitive Nd3*:YAG laser was used to
measure transient absorption spectra in the picosecond and a
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few nanoseconds time region. The details of this system
have been reported elsewhere.16:1? For the measurement of
the time profiles of the transient absorbance in a few
nanoseconds to a few hundreds nanoseconds time region, a
kinetic spectroscopy system!® with a pulsed Xe lamp as a
monitoring light, a photodetector, and a fast storage
oscilloscope, was used. In both of these measurements,
samples were excited by a single 355 nm pulse with 22 ps
fwhm. For the transient absorption spectral measurements
in longer time region, an excimer laser photolysis system
with 351 nm excitation pulse was used.19

Benzophenone (Wako, Special Guarantee) was purified by
repeated recrystallization from ethanol and sublimation.
Diphenylamine (Wako, Special Guarantee) was purified by
repeated recrystallization from isooctane. Isooctane (2,2,4-
trimethylpentane), acetonitrile, 2-propanol, and ethyl ace-
tate (Merck Uvasol) for the laser photolysis measurements
were used without further purification. Samples were
deaerated by Nz purging. All the measurements were
performed at room temperature (2213 °C).

Extinction Coefficient Used for the Estimation of the
Reaction Yield. The extinction coefficient of benzo-
phenone in its triplet state (3BP*) at 525 nm was reported to
be 6500 M—1cm=1.29 On the other hand, that for the BPH
radical at 545nm was reported to be 5100 M-1cm-19
Recently, we have measured the decay process of 3BP* in
2-methyltetrahydrofuran (MTHF) by means of the picosecond
laser photolysis method,2? the result of which shows that the
decay time of 3BP* in MTHEF is 4.1 ns and a fairly large
amount of BPH is observed after the decay of 3BP*. By using
those extinction coefficients for 3BP*29 and BPH,9 the
quantum yield of the BPH produced from the initial 3BP*
was obtained to be 0.80. On the other hand, if we assume
that the deactivation of 3BP* is exclusively due to the BPH
formation on the basis of the fact that the 4.1 ns decay time in
MTHEF is extraordinarily shorter than the lifetime of 3BP* in
other solvents, the extinction coefficient at 545nm is
obtained to be 65—70% of that of 3BP* at 525 nm. Namely,
the extinction coefficient of BPH at 545 nm may be 4200—
4600 M~ cm™1, if we set the extinction coefficient of 3BP* at
525 nm to be 6500 M1 cm~!. In this study, we have used the
extinction coefficient of 4600 M~ cm~! for BPH. Moreover,
we have assumed that these extinction coefficients for 3BP*
and BPH are independent of the nature of the solvent, for the
spectral band shapes and the absorption maxima are almost
constant irrespective of the solvent used.

On the other hand, the extinction coefficient of BP~ was
reported to be ca. 10000 M—1 cm~1in the vicinity of 800 nm in
MTHF.22 Although the absorption maximum shifted to
shorter wavelength at room temperature in other solvents,
the validity of this value for BP~ was supported by the
following result. When 1,4-diazabicyclo[2.2.2]octane (DABCO)
was used as quencher for 3BP*, only the BP~ was produced
in the course of quenching without the BPH formation in
tens of nanosecond time region in most solvents.2? The
yield of the IP state produced from 3BP* was obtained to be
0.8—0.9 if was use the extinction coefficient of 10000 M~!
cm~!at 720 nm for BP~ and that of 6500 M~! cm~1at 525 nm
for 3BP* in acetonitrile. Further, the extinction coefficient of
DPA+* at 675 nm in acetonitrile was estimated to be 25000
M~1cm~1.29 In nonpolar solvent, the absorption spectrum of
DPA* was rather broad and the absorption maximum
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shifted to 695 nm.2¥ The half width of this absorption band
around 695 nm was ca. 3000 cm™! in cyclohexane.2? On the
other hand, the half width of this absorption band in
acetonitrile, where the absorption maximum located at
675nm, was 1100 cm~!. Hence, it is plausible that the
extinction coefficient of DPA* in isooctane is smaller than
that in acetonitrile at the absorption maximum. In order to
obtain the extinction coefficient of DPA* in isooctane, we
have assumed that the extinction coefficient is inversely
proportional to the half width of the absorption band. Then,
the extinction coefficient of DPA* in isooctane was
estimated to be 9000 M~ cm~! at 695 nm. In ethyl acetate
and in 2-propanol, the extinction coefficient of DPA+ was set
to 25000 cm™1, since the absorption maximum was around at
675—680 nm and spectral band shape in these solvents were
close to that in acetonitrile.

In order to obtain the reaction vyield of the IP,
(BP—...DPA), the extinction coefficients of BP~ and DPA+
should be added. The spectral band shape of BP~ was
reported to be solvent-dependent.?y In 2-propanol, the
absorption maximum of BP~ is located in the vicinity of
640 nm, while that in acetonitrile was around 700 nm.2? In
this study, we have obtained the extinction coefficient of BP~
at the absorption maximum of DPA+ in each solvent from
the transient absorption spectrum of IP or CT state of the
BP-N,N-diethylaniline (DEA) system,2? because DEA* and
DEA neutral radical show practically no absorption in 600—
700 nm region.

Summarizing the above discussions, we use here the
following values of the extinction coefficients; 6500 M—!
cm~! at 525 nm for 3BP*, 4600 M—! cm™! at 545 nm for BPH,
18000 M—1 cm~1 at 700 nm for the contact IP state, 3(BP--..
DPAY), in isooctane, and 32000 M~ cm~! at 675 nm for the
IP state, 3(BP—...DPAY), in 2-propanol, and 31500 M—1 cm™1!
for the IP state, in acetonitrile and in ethyl acetate.

Results and Discussion

Photoreduction Process of BP-DPA System in
Isooctane. Figure 1 shows the time-resolved transient
absorption spectra of BP-DPA (0.13 M, 1 M=1 mol
dm-3) system in isooctane solution excited with a
picosecond 355 nm laser pulse. A transient absorption
spectrum with an absorption maximum at 525 nm
observed at 40 ps after the excitation can be assigned to
the T, « T transition of BP.2? With increase of the
delay time, one can observe the increase of the
absorbance at 545 nm, 700 nm, and 750 nm. On the
basis of the wavelengths of the absorption maxima and
the spectral band shapes, these absorption bands can
be assigned to each species as follows: the 545 nm band
to BPH,5:29 the 700nm band to the contact IP,
3BP-...DPA+),2229 and the 750nm band to the
diphenyl nitrogen radical (DPN),20 respectively. The
transient absorption spectra in Fig. 1 indicate that the
spectrum at the shortest delay time which is mainly
due to 3BP* gradually evolves in the course of time
into those of BPH and DPN formed by the hydrogen
abstraction reaction, and of 3(BP—...DPA+) produced
through the electron-transfer reaction.
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Fig. 1. Transient absorption spectra of benzophenone
(BP) (0.01 M)-diphenylamine (DPA) (0.13 M) in
isooctane, excited with a picosecond 355 nm laser

pulse.
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Fig. 2. (a) Time profiles of 3BP* (@) and BPH radi-
cal (O) of BP (0.01 M)-DPA (0.13 M) in isooctane,
excited with a picosecond 355 nm laser pulse (see
text). (b) Time profiles of the transientabsorbance at
700 nm of BP (0.01 M)-DPA (0.13 M) in isooctane,
excited with a picosecond 355 nm laser pulse. (c)
time profiles of 3(BP----DPA*) (O) of BP (0.01
M)-DPA (0.13 M) in isooctane, excited with a pico-
second laser pulse (@: rise component) (see text).

Figure 2(a) shows the time profiles of *BP* and
BPH, which were obtained by the analysis of the
observed spectra in the 400—560 nm region into the
two components of 8BP* and BPH. In this wavelength
region, the spectra are almost exclusively composed of
the bands due to these two species. The decay time of
3BP* (610 ps) coincides with the rise time of BPH. The
bimolecular rate constant of the quenching reaction
between 3BP* and DPA was obtained to be 1.3X
1000 M-1s-1 which was equal to the diffusion-
controlled rate constant in isooctane (1.3X1010 M1 s-1
at 25 °C).

On the other hand, dependence of the absorbance at
the maximum of the 3BP-...DPA+) band (700 nm) is
exhibited in Fig. 2(b). The absorbance increases until
the delay times of 1—2ns and decreases. Since the
absorbance due to DPN radical extends to the 700 nm
region, the contribution of this neutral radical was
subtracted from the absorbance in Fig. 2(b) in such a
way that the time profile of DPN radical is identical
with that of BPH. The time profile of the absorbance
due to 3(BP--..DPA+) at 700 nm obtained in this way is
shown in Fig. 2(c), of which the rise and decay times
were 600 ps and ca. 3 ns, respectively. The rise time of
3(BP-..-DPA*) (600 ps) was identical with that of the
decay of 3BP* and with rise time of BPH within the
experimental error, which means that the formation
process of 3(BP—---DPA*) is in competition with that
of BPH radical. Furthermore, the decay of 3(BP---.
DPA+), of which the time constant is ca. 3 ns, is not
accompanied by the production of BPH, as shown in
Fig. 2(b). This figure indicates that almost all BPH'
formation is completed with the time constant of
610 ps which is identical with that of the decay of
3BP*,

From the above results, it can be concluded that
BPH is not produced by the proton transfer in the
stable 3(BP—...DPA+) state, but through the direct
hydrogen abstraction process. This conclusion 1is
supported also by the estimation of the yields of the
BPH and 3BP-.---DPA+) as follows. By using the
values of the extinction coefficient given in the
Experimental section, the yield of BPH from 3BP* was
estimated to be 0.7—0.8 and that of 3BP-...DPA*)
0.07—0.1. Even if the deactivation of 3(BP--.-DPA*)
terminates in the BPH formation, this is a minor path.
Almost all of BPH was confirmed, within the
experimental accuracy, to be formed directly from
3BP*. Summarizing above results, we can conclude the
following reaction scheme for the photoreduction of
3BP* by DPA in isooctane.

3BP* + DPA —*"_, BPH ... DPN — BPH + DPN

\l/kET

3(BP~ ... DPA™*) 1)
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where, (kurtker) is the rate constant of the quenching
reaction between 3BP* and DPA.

Photoreduction Process of BP—DPA System in
Acetonitrile and Other Polar Solvents. Figure 3
shows time-resolved transient absorption spectra of
BP-DPA (0.044 M) system in acetonitrile.  With
increase of the delay time, 3BP*, whose absorption
maximum observed at 60 ps lies at 523 nm, decays and
a new band at 675 nm which comprises contributions
from DPA+ and BP-, and that due to BPH at 545 nm
appear. Time profiles of concentrations of 3BP#¥,
BPH, and 3BP-...DPA+) are displayed in Fig. 4,
which were obtained by the analysis of the observed
spectra into these species on the basis of their
individual reference spectra. In this figure, the
ordinate represents the concentration of the individual

Absorbance (0.1/div.)
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Fig. 3. Transient absorption spectra of BP (0.01
M)-DPA (0.044 M) in acetonitrile, excited with a pico-
second 355 nm laser pulse.

Concentration (arbit. unit)

Time/ns

Fig. 4. Time profiles of 3BP* (O), BPH (@), BP—and
DPA* (@) in BP (0.01 M)-DPA (0.044 M) in aceto-
nitrile excited with a picosecond 355 nm laser pulse
(see text).
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species calculated by using the extinction coefficient
given in the Experimental section. In acetonitrile, the
extinction coefficient of 31500 M—! cm~! was used for
3(BP-...DPA+) at 675 nm. This value was obtained by
the addition of the extinction coefficient of DPA+ and
that of BP— at 675 nm. From Fig. 4, the decay time of
3BP* was obtained to be 2.85 ns and the rate constant
of the quenching reaction between 3BP* and DPA was
obtained to be 0.80X10!° M-1s-1. Moreover, one can
see clearly that the formation process of BPH
corresponds very well to the decay process of 3BP*. We
have confirmed also that the rise profile of 3(BP-...
DPA+) is also in agreement with that of the 3BP*
decay. Solid lines in this figure are calculated on the
basis of the reaction scheme similar to Eq. 1. From
such analysis the reaction yield of BPH from 3BP* was
obtained to be 0.76%0.05, and that of 3BP~-.-DPA*)
from 3BP* 0.1610.02.

In order to clarify the details of the reaction
mechanism, we have photolyzed the solution con-
taining higher concentrations of DPA. In Fig. 5, we
show the transient absorption spectra of BP-DPA
(0.42 M) system in acetonitrile, where the absorption
due to DPA+ and BP- was observed immediately after
the excitation. The time profiles of the absorbance at
525nm and 680 nm immediately after the excitation
are plotted in Fig. 6, which indicates that the
formation of the IP takes place almost simultaneously
with the formation of 8BP*. This rapid formation of
the IP immediately after excitation is considered to be
due to the electron transfer between benzophenone in
its excited singlet state (\BP*) and DPA in the vicinity
of 1BP*, and also due to the excitation of weak CT
complex produced in the ground state. Such a rapid
electron-transfer process between BP and amine has

™ W™ Mttty 1O
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Fig. 5. Transient absorption spectra of BP (0.01
M)-DPA (0.42 M) in acetonitrile, excited with a pico-
second 355 nm laser pulse.
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Table 1. Solvent Dependence of the
—_ Reaction Yields of 3BP* and DPA
>
S Dielectric
g Solvent constant 3331 b1p
g Isooctane 1.94 0.75 0.07
5 Ethyl acetate 6.09 0.73 0.12
2 2-Propanol 17.5 0.72 0.17
] Acetonitrile 37.5 0.76 0.16
)
<
0 ,100 200 constant of 590 ps. The solid line for the time profile
Time /ps

Fig. 6. Time profiles of transient absorbance at
525 nm (3BP*) (@) and 680 nm (BP—---DPA*+) (O) of
BP (0.01 M)-DPA (0.42 M) in acetonitrile, excited
with a picosecond 355 nm laser pulse.

Concentration (arbit. unit)

1 "
3 4 5
Time/ns
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Fig. 7. Time profiles of 3BP (O), BPH (@), BP- and
DPA* (®) in BP (0.01 M)-DPA (0.42 M) in aceto-
nitrile excited with a picosecond 355 nm laser pulse
(see text).

been recently observed by means of femtosecond laser
photolysis?? and also by means of picosecond laser
photolysis.2®

Time profiles of 3BP*, BPH, and the IP are
displayed in Fig. 7, which were obtained by the
analysis of the observed spectra into these species on
the basis of their individual reference spectra. From
this figure, the decay time of 3BP* was obtained to be
290 ps and the quenching rate constant of 3BP* was
obtained to be 0.82X101 M-1s-1 which was identical
with that obtained in the dilute solution. Moreover, it
is clear from Fig. 7 that the rise time of BPH is in a fair
agreement with the decay time of 3BP*. On the other
hand, the time profile of the IP state is complicated,
since the decrease of the IP produced in the excited
singlet state and that produced by the excitation of the
weak CT complex formed in the ground state overlap
the increase of 3(BP—...DPA+) produced through the
electron transfer between 3BP* and DPA. In any way,
the time profile of the IP state shows a rapid rise due to
the (BP--..DPA+) formation and decay with the time

of the IP is the calculated curve, where the decay time
of the (BP-...DPA*) state is taken to be 590 ps and the
rise time of the 3(BP—-..DPA+) state is taken to be
identical with the decay time of 3BP*. Moreover, it is
assumed that the ionic dissociation from the }(BP-...
DPA*) state is negligible, while 3(BP-...DPA+) ter-
minates almost exclusively in the production of the
free ion. In addition, the yield of 3(BP-...DPA+) from
3BP* is taken to be 0.16 which is identical with the
yield in the dilute solution in Fig. 4. The calculated
curve and the experimental points are in fair
agreement with each other. Accordingly, the ionic
dissociation yield from Y(BP-...DPA+) is considered to
be very small and that of 3(BP—-..DPA*) is almost 1.0.

In Table 1, we summarize the 3IP yield due to the ET
reaction and the BPH yield due to the hydrogen
abstraction reaction, not only for the acetonitrile
solution but also for isooctane, 2-propanol, and ethyl
acetate solutions. In the latter two solutions, the direct
hydrogen abstraction process competing with the ET
reaction was also observed. The yield of the 3IP in
solvents less polar than acetonitrile was obtained by
considering the decay of the ion pair. For example, in
2-propanol solution, 3IP showed decay with the time
constant of 7.5 ns and the yield of the ionic dissocia-
tion from the 3IP was about 50%. In Table 1, we give
the yields of the 3IP prior to the recombination and the
dissociation.

Results in Table 1 show that the yield of BPH is
almost independent of the solvent. Though the
quenching rate constant of 3BP* by DPA shows
solvent dependence, it is rather close to the diffusion-
controlled value in those solvents examined here. In
addition, the yields of the 3IP state in those solvents are
0.1—0.2. Summarizing above results, it may be
concluded that the reaction mechanism between $BP*
and DPA and the yields of the 3IP and the BPH radical
are almost independent of the nature of the solvent.

This relation between the yield of BPH and that of
3IP from 3BP* also seems to support the mechanism
that the hydrogen abstraction competes with the
production of the stable 3IP state. Usually, such 3IP
state formation is followed by the recombination and
the dissociation into the free ions. Especially, in polar
solvent such as acetonitrile, the dissociation process is
so effective that its rate constant is usually 0.5—
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2.0X10°s71.29  Therefore, almost all ionic species
observed at a few nanoseconds after the excitation in
acetonitrile solution may be the dissociated free ions.
In less polar and nonpolar solvent, this dissociation
process is not so effective as in acetonitrile, and the
recombination process plays a dominant role. In any
way, the properties of the 3IP and its decay process may
depend upon the nature of the solvent. In spite of such
solvent dependence of the behaviors of the 3IP state
relaxed with respect to solvation the yields of BPH and
the 3IP state is almost independent of the nature of the
solvent. This result supports the reaction mechanism
that the hydrogen abstraction takes place directly at
the encounter between 3BP* and DPA.

The Mechanism of Hydrogen Abstraction Reaction
between 3BP* and DPA. The above described reac-
tion mechanism of the hydrogen abstraction (the direct
abstraction mechanisms) is different from that proposed
by Cohen et al.? and seems in conflict with the
experimental results presented by Peters and co-
workers.19-19 The hydrogen abstraction mechanisms
presented by Cohen et al. was as follows,

SBP + AH —> 3BP- ... AH*) — (BPH + A)

where proton was transferred between the relaxed ions
in the IP state, 3(BP-...H+). This mechanism was
assumed in order to explain the experimental result
that the photoreduction of 3BP* by amines leading to
BPH formation was very efficient, with rate constants
of about 103 times larger compared with the case of
other hydrogen donors. In view of this result, it is
quite plausible that the CT interaction plays an
important role in the hydrogen abstraction reaction of
8BP*-amine systems, as suggested by Cohen et al.
Their results that the yield of BPH was very high and
the quenching rate constant was rather close to the
diffusion-controlled one in the 3BP*-DPA system are
in a good agreement with our present results.
However, our picosecond laser photolysis studies have
demonstrated clearly that the relaxed 3IP state does not
contribute to the BPH formation in this system.
Moreover, the deactivation of the relaxed 3CT state or
the contact 3[P state in isooctane, where strong
solvation may not take place, is not accompanied by
the BPH formation. These results suggest strongly
that the very short-lived CT state at encounter between
3BP* and DPA will play the crucial role in this
reaction. Namely, the mutual orientation of 3BP* and
DPA in this very short-lived CT state at encounter will
determine the successive process, the formation of the
ketyl radical or relaxed IP state. Peters and co-
workers10-13 concluded that the electron-transfer reac-
tion leading to the formation of the solvent-separated
IP was followed by the change of the structure to the
contact IP where BPH formation by proton transfer
took place. Their conclusion was based on the
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experimental results that the absorption maximum of
BP- was blue-shifted with increase of the delay time
after the excitation. In the present results, however,
such a long-lived IP state does not participate in ketyl
radical formation. This difference might be due to the
fact that the secondary amine is used in the present
works while Peters et al. used the tertiary amine.
Hence, the direct comparison between the mutual
results seems difficult. Moreover, the amine con-
centration in the solution used by Peters et al. for
the photolysis was extremely high (ca. 1—5M). In
such a case, the ET reaction evidently occurred very
rapidly in the excited singlet state, leading to no 3BP*
formation. Therefore, Peters et al. investigated the
reaction of the quite different system from that formed
by encounter between 3BP* and amine. Results of
detailed investigations on this problem will be
discussed in the forthcoming paper, including those of
our femtosecond laser photolysis studies.

This work was supported by Grant-in-Aid (No.
62065006) from the Japanese Ministry of Education,
Science and Culture to N. M.
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The Stereochemistry and Reactivity of Metal-Schiff Base Complexes. VIL.
Contribution of Hydrophobic Interligand Interaction to Chiral Recog-
nition of Phenylalaninate and Tryptophanate with (1R,2R)-N,N’-
Disalicylidene-1,2-cyclohexanediaminecobalt(IIT) Complex

Yuki Fuji,* Yuzo Yosuikawa,T Masato Svoji, and Homare SHINOHARA
Department of Chemistry, Ibaraki University, Bunkyo, Mito 310
TDepartment of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700
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The stability constants, Ki, of 4-Bs-diastereomers of mixed ligand cobalt(III) complexes with a chiral
quadridentate Schiff base (sal-(R,R)-chxn), derived from salicylaldehyde and (R,R)-1,2-cyclohexanediamine,
and p- or L-amino acidate (aa~=gly, ala, val, leu, thr, phe, trp, pro, asp, asn, and glu) were determined
spectrophotometrically in water-methanol (2:3 by volume) containing acetate buffer (0.3 mol dm=3) at 22 °C:

trans-[Co{sal-(R,R )-chxn }(H20)2]*+aa~ L= 4-B5-[Cofsal-(R,R)-chxn }(aa)].

The K; values range from

5.6X108 to 1.2X10° mol-1 dm3 and obey a linear free energy relationship except for n-phe, p-trp, p-asp, p-asn, and
p-pro. In the cases of n-phe, p-trp, p-asp, and p-asn, their stability constants are 5—30 times as high as those for
the corresponding r-aa. Extraordinary stabilization of the p-phe and p-trp complexes is discussed in terms of the
interligand stacking of the aromatic rings between the Schiff base ligand and a side chain of amino acidate on
the basis of conformational analysis and 'H NMR spectra.

Hydrophobic interligand interaction is one of
several interesting subjects in the recent coordination
chemistry,!-® and much attention has been focused on
its contribution to the stereoselectivity of metal
chelates*~”? and the ligand selectivity on metal
complexes,8-? and on its role in molecular recognition
in biological systems.10,10

Previously, we reported that mixed ligand Co(III)
complexes with a salen-type Schiff base ligand (SB)
and L-amino acidate (L-aa), B2-[Co(SB)(L-aa)], prefer-
entially form Ai-diastereomers,’2-1® and that the
selectivity 1s remarkably high when r-aa is N-alkyl-L-
amino acidates,'%-18.189 1 -phenylalaninate (L-phe),12.13,19
or L-tryptophanate (L-trp).12:1® For N-alkyl-L-amino
acidate complexes, their selectivity has been well
explained in terms of an interligand steric repulsion
between the N-alkyl group of amino acidate and the
Schiff base ligand in the A4i-diastereomers.16.18
However, in the cases of the rL-phe and rL-trp
complexes, both the side chain of r-amino acidates
and the Schiff base ligand are hydrophobic, so that the
interligand hydrophobic interactions between them,
especially the stacking between aromatic rings rather
than steric repulsion, seem to contribute to their
selectivity. In order to verify the above possibility and
show the effectiveness of hydrophobic interaction for
the chiral recognition of amino acids, we investigated
here on stability constants of mixed ligand Co(III){sal-
(R,R)-chxn} complexes with eleven L- and p-amino
acidates including phe and trp, where sal-(R,R)-chxn
denotes (1R,2R)-N,N’-disalicylidene-1,2-cyclohexanedi-
amine. These complexes specifically assume the 4-fs-
structure,13:16,18 5o that those with bp-form amino
acidates belong to stabler diastereomers in this
system,!? except for prolinate.’® In addition, conforma-
tional analyses and 'H NMR measurements were
conducted for L- and p-phe and L- and p-ala complexes

to support the contribution of the hydrophobic
interaction.

Experimental

Preparation of Complexes. trans-[Cofsal-(R,R)-chxn}-
(H20)2]JC104-CH3OH: [Cofsal-(R,R)-chxn}]20 (2.5g, 6.6X
1073 mol) in 250 cm3 of methanol was stirred for 2 h under air
oxidation conditions to form a dark brown solution. HC1O4
(2%, 100cm3) was added to it, and the solution was
concentrated to a small volume (about 40cm3) at room
temperature. The dark brown crystals, thus formed, were
recrystallized from methanol.

A4-Bo-[Cofsal-(R,R)-chxn}(aa)] (aa=r-ala, p-ala, L-phe, p-
phe, L-trp, and b-trp): Since the preparative method is
almost the same for all the complexes, only a representative
procedure for the b-phe complex is described here.
p-Phenylalanine (0.22g, 1.33X103 mol) was added to a
solution of [Cofsal-(R,R)-chxn}] (0.5g, 1.32X10-3mol in
30 cm8 of methanol), the solution was stirred for 3 h under
air oxidation conditions. After filtration, the filtrate was
evaporated almost to dryness at room temperature. The
resulting green powder was dissolved in acetone (20 cm3) and
then water (3 cm3) was added. The solution was concen-
trated slowly to a small volume to give a green powder. It
was washed with water and air dried.

The vyield, elemental analysis, and characterization data
are summarized in Tables 1 and 2.

Solution Equilibria. The acid dissociation constants, K.,
and K,,, of trans-[Co{sal-(R,R)-chxn}(H20)2]C1O4 were deter-
mined by spectrophotometric titration at 340 nm in water
and in a mixed solvent of water and methanol (2:3 by
volume) at 22 °C:

[Co(SB)(H20)2]* —Ar—Kul [Co(SB)YOH)H=0)] + HY, (a)
[Co(SB)(OH)(H:=0)]* _i;h [Co(SBYOH)]~- + H*. (b)

The spectral variation for the reaction (a) showed isosbestic
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points at 300, 350, 390, and 420 nm, and that for (b) those at
310, 360, 400, 430 nm. The estimated K,, and K,, values are
listed in Table 3.

The formation constant, Ka, of trans-[Co{sal-(R,R)-chxn}-
(CH3COO)H20)] and the stability constants, Ki, of
A4-Bo-[Cofsal-(R,R)-chxn}(aa)] were determined spectrophoto-
metrically in water-methanol (2:3 by volume) at pH 5.75
and 22 °C. The K. and K; values are summarized in Tables 3
and 4, respectively.

The pH in water-methanol was measured by the use of a
glass electrode (Horiba #6326-06c) and the activity of proton
was calculated by pa(H)=pH—0.22.20 All the chemicals used
here were reagent grade and used without further purifica-
tion.
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Conformational Analysis. Empirical force field (strain
energy minimization) calculations were carried out in a
manner similar to that described in the preceding paper.2?
The electronic charges of the lone-paired electrons on the
coordinated oxygen atoms were assumed to be equally —0.2.
The initial coordinates were completed due to the coordina-
tion calculation options in the MM2 program on the basis of
those of the Co(IlI)-salen complex.

Measurements. The electronic absorption and CD spectra
were measured with a Hitachi 320 spectrometer at 22 °C and
with a JASCO J-20 spectropolarimeter at room temperature,
respectively. The optical rotations at 435 nm were measured
with a JASCO DIP-140 polarimeter at 22 °C. The 'H NMR
spectra were recorded with a JEOL GSX-400 (400 MHz)

Table 1. Characterization Data
Complex? Yield/% Elemental analysis (%)" [M]%; in methanol
C H N
trans-[ Co(SB)(H20)2]C104- CH3:OH 90 46.08 5.20 5.17 —12400
(46.12) (5.16) (5.12)
4-B2-[Co(SB)(p-phe)]-2.5H20 75 59.10 6.16 7.00 +30000
(59.18) (5.99) (7.14)
4-Ba-[Co(SB)(L-phe)]- H20 67 62.05 5.78 7.32 +31600
(62.03) (5.74) (7.48)
A4-Bo-[Co(SB)(p-trp)]- H2O 72 62.10 5.46 9.33 +30000
(62.00) (5.54) (9.33)
A4-Bo-[Co(SB)(L-trp)]- H20 51 61.95 5.43 9.55 +29800
(62.00) (5.54) (9.33)
4-B2-[Co(SB)(p-ala)]- 4.5H20 67 50.48 6.26 7.74 +36300
(50.37) (6.43) (7.66)
A4-Ba-[Co(SB)(r-ala)]- 0.5H20 49 57.97 5.85 8.90 +39100
(57.99) (5.71) (8.82)

a) SB=sal-(R,R)-chxn. b) The values in parentheses are calculated ones.

Table 2. Electronic Absorption (AB) and CD Spectral Data of 4-B2-[Cofsal-(R,R)-chxn}(aa)] in Methanol®

aa in complex AB CD aa in complex AB CD
{7 (log &)} {7 (Ae)} {7 (log &)} {7 (Ae)}
p-phe 17.09(2.52) 16.72(—8.89) L-phe 17.01(2.57) 16.34(—9.22)
21.74(2.68) 19.84(—1.35) 21.50(2.73)» 19.84(—1.22)
26.32(3.73) 23.26(+8.96) 26.18(3.78) 23.31(1+9.83)
31.75(3.60) 24.81(+8.88) . 31.75(3.67)® 24.51(+7.10)
27.70(+13.37) 27.86(1+14.00)
D-trp 17.24(2.53) 16.72(—9.24) L-trp 17.01(2.57) 16.42(—9.00)
21.05(2.52) 19.62(—1.62) 21.28(2.69) 19.84(—1.19)
26.32(3.75) 23.26(19.09) 26.32(3.73) 23.26(+9.60)
31.75(3.64) 25.00(+8.42) 31.75(3.68) 24.51(+9.41)
27.78(+13.23) 27.86(1+13.26)
p-ala 17.09(2.63) 16.58(—10.73) L-ala 17.09(2.63) 16.58(—10.21)
21.28(2.70)» 19.62(—1.11) 21.28(2.70)® 19.69(—2.13)
26.32(3.83) 23.26(+11.21) 26.25(3.83) 23.36(+11.07)
31.25(3.67)» 24.75(+11.35) 31.45(3.69) 24.75(+11.30)

97.78(+16.70)

97.70(+16.82)

a) Wavenumbers are given in 103 cm~1. b) Shoulder.

Table 3. Thermodynamic Data for trans-[Co{sal-(R,R)-chxn}(H20)2]* at 22°C
Solvent K., K., Ko
H20-MeOH® (3.5510.05)X10-8 b) 3.99210.02

H:0 (1.8020.05)X10-7

(6.010.1)X10-13

a) 2:3 by volume. b) A side reaction occurred. c¢) Formation constant of monoacetatocomplex.
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spectrometer at an ambient probe temperature.

Results and Discussion

Determination of Stability Constants. As an acetate
buffer (0.3 mol dm-3 CHsCOOH+0.3 mol dm—3 CHs-
COONa) was used in the measurements of the stability
constants of 4-B2-[Cofsal-(R,R)-chxn}(aa)], first of all,
the complexation between trans-[Co{sal-(R,R)-chxn}-
(H20)2]* and acetate ion was investigated. Figure 1
shows the absorption spectra of mixtures of trans-
[Cofsal-(R,R)-chxn}(H20)2]ClO4 and acetate buffer at
various concentrations, and Fig. 2(a) represents the

A/nm
1.4 T 690 T 68|o
0.2
1.0F
gc; (6) (H | §
E 3
2 5
206k (n 2
<06 (6)
—0.1
O-rx 1 1 1 1 1
<7440 500 560
A/nm

Fig. 1. Spectral changes of trans-[ Co{sal-(R,R)-chxn}-
(H20)2]* with acetate buffer (pH=5.75) in water-
methanol (2:3 in volume). Complex: 1.0X10-3
mol dm=3; Acetate buffer: (1)=0, (2)=4.2X10"2,
(3)=8.0X10-2, (4)=2.0X10"1, (5)=4.0X10"!, and
(6)=6.0X10"1 mol dm3.

[CH,C007] /mol dm™3
2
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Fig. 2. Variation of absorbance at 560 nm of trans-
[Cofsal-(R,R)-chxn}(H20):]* in the presence of
acetate buffer (pH=5.75) in water-methanol (2:3 by
volume) and plot of (Aobs—Ao)/(Aw—Aobs) VS.
[CHaCOO™].
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variation of the absorbance at 560 nm of the solutions.
The observed spectra exhibit isosbestic points at 448
and 497 nm, but no spectral change was observed in
the presence of acetic acid alone. Thus, the following
equilibrium is assumed to be established:

trans-{Cofsal-(R,R)-chxn}(H20)z]* + CHsCOO~
== frans-[Cofsal-(R,R)-chxn}(CHsCOO)(Hz0)]. (1)

The equilibrium constant, K., was estimated to be
3.99 from the slope of the plot of (dobs—A0)/(Ax—Aobs)
vs. [CH3COO~] (Fig. 2(b)) by the use of the method of
Marzilli et al.,2® where Ao, A=, and A.s denote the
absorbances at 560 nm of [Co(SB)(H20)2]*, [Co(SB)-
(CHsCOO)(H20)], and their mixture, respectively.
The obtained K. value indicates that two species of
complexes, [Co(SB}H20)2]* and [Co(SB}CH3COO)-
(H20)], exist in about 1:1 molar ratio in the presence
of 0.3 mol dm~3 acetate buffer. In the present study,
the deprotonated species [Co(SB)(OH)(H20)] was
neglected, because its concentration was estimated to
be negligibly small at pH 5.75 from the K,, value of the
diaqua complex.

Figure 3 shows the representative spectra of the
mixtures of trans-[Cofsal-(R,R)-chxn}(H20)2]ClO4 and
amino acid in the presence of acetate buffer. The
spectra exhibit isosbestic points at about 537 and
680 nm for all the amino acids investigated, and the
spectra in the presence of an excess of amino acids
correspond to those of Ba-[Co(salchxn)(aa)].13.15
Hence, the following equilibria can be written:

trans-[Cofsal-(R,R)-chxn}(H20)]* + aa~
é 4-Bs-[Cofsal-(R,R)-chxn}(aa)], (2)

Absorbance

A/nm

Fig. 3. Spectral changes of trans-[Co{sal-(R,R)-chxn}-
(H20)2]* with p-phenylalanine in the presence of
acetate buffer (0.3 moldm™3) in water-methanol
(2:3 by volume). Complex: 1.0X10-3 mol dm3; p-
phe: 1=0, 2=2.0X10"4, 3=4.0X1074, 4=6.0X10¢,
5=8.0X104, 6=1.0X1073, and 7=20X10-3 mol dm=3.
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trans- Cofsal-(R,R)-chxn}(CHsCOO)(H20)] + aa~

= 4.B,[Cofsal-(R,R)-chxn}(aa)] + CHsCOO-,
3)

where K; and K2 represent the stability constants of
Eqgs. 2and 3, K1=[Co(SB)(aa)]/[ Co(SB)(H20):][aa] and
K>=[Co(SB)(aa)]/[Co(SB)(CH3COO)(H20)][aa]. The
K and K3 are related to the absorbance of solutions by

(Ao — Aobs)/(Aobs — As)
= [Co(SB)(aa)]}/[Coliee
= Ki[AA)/ax(l + K.[CH3COO-])
= KoK [AA]/au(l + K.fCHsCOO™)), (4)

where, Ao, A», and Aebs denote the absorbances (580 nm)
of [Colree, [Co(SB)(aa)], and their mixture, respective-
ly. [Coluee, [AA], and am represent the sum of
concentrations of [Co(SB)(H20)z]+ and [Co(SB)(CHs-
COO)(H20)], the total concentration of free amino
acid, and the ag value of amino acid, respectively. As
is shown in Fig. 4, the plot of (Ado—Aobs)/(Aors—A=) vs.
[AA] gives a straight line through the origin for all the
amino acids studied. Thus, the stability constants, K,
can be estimated from the slpoe, and the obtained K
values are summarized in Table 4.

Figure 5 shows the effect of acetate buffer on the Kops
values, where Ko—=K1/aun(1+K.JCH3COO-]). Since
the plot of Ko vs. (1+K.[CH3COO-])-1 exhibits a
linear relation through the origin, this result clearly
indicates that the stability constants, K, are not
influenced by acetate buffer.

Table 4.
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Comparison of Stability Constants. It has been
known that [Cofsal-(R,R)-chxn}(aa)] preferentially
assumes the 4-f2 structure regardless of the configura-
tion (L or D) of coordinated amino acidates.!3.16:19 This
selectivity for the 4-configuration is due to the steric
effect of (r,R)-chxn group. Also in the cases of the phe,
trp, and ala complexes prepared here, they show a
strong CD peak with minus sign at about 600 nm
regardless of the chirality of the coordinated amino
acidates (Table 2), and the CD spectra correspond to
the 4-B2 structure. In addition, their TH NMR spectra

| |
1 2

=
oQ

[AA}/10 mol am™3

Fig. 4. Plot of (Ao—Aobs)/(Aobs— A=) vs. [AA] for the
formation of 4-Bs-[Cofsal-(R,R)-chxn}(p-phe)]
in the presence of acetate buffer (0.3 mol dm=3) in
water-methanol (2:3 by volume).

Stability Constants, K1, of 4-Bs-[Cofsal-(R,R)-chxn}(aa)] in Water-Methanol

(2:3 by Volume) Containing Acetate Buffer (0.3 mol dm=3) at 22°C

Amino acid

aa~ pK.? Optical form Kea/10% Ko KPR AAG/Ig ol
gly 313, 9.23 2.940.1 2.6 +0.1

s 08 ; i1 Zoses B 0P
e 0 X a0l 1sxon M 055
w20 ; sos0l  gpien 1R 00
phe  3.13, 8.77 : 390 fl)l El):i ig:g5 7.95 4.90
ttp  3.17, 9.06 IL) %40 igbl ?'195 i‘l)-; 929.7 8.37
pro  2.80, 10.00 : (I)E igfm Z:‘l* i(l)'l 0.14 —4.80
e 080 : G130l 25so0s M 3
asp 277, 4.40,9.70 - éﬁ ig:} ;22 igg 5.95 4.10
w200 850 X CRTRE ce A
glu 296, 4.85, 9.63 : éﬁg igii Z:g igg 1.54 1.07

a) pH titration in water-methanol (2:3 by volume) containing NaClO4 (0.3 moldm=3). b) pH=5.75.
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show that each complex consists of only one species,
indicating that the complexes assume the 4-82
structure exclusively. It has also known that Co(III)
complexes with salen-type Schiff bases are liable to
substitution and isomerization.2429 Thus, the difference
in stability constant between the L- and p-amino
acidate complexes corresponds to the free energy
difference between the AL-B2- and 4p-B2-diastereomers
and reflects the difference in interligand interaction
between them.

Table 4 indicates that the energy difference between
L- and D-isomers comes up to 4—8 k] mol-! in the
cases of phe, trp, pro, asp, and asn. In order to solve
the question whether the differences arise mainly from

(1 + Kac[CH3COO_])_1
60 04 0.8
T T T T T
—(a) (b) '18
<« 4r 1 e
<, 3,
a2k
MO _4 :4%
2+
| 1 1 | 1
0O 0.2 04 0

[CH;C00™] /mol dm™>

Fig. 5. Effect of acetate buffer on the observed sta-
bility constants, Ko, of 4-B2-[Cofsal-(R,R)-chxn}-
(phe)] in water-methanol (2:3 by volume). @: p-phe,
O: r-phe.
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the stabilization or destabilization of one of the two
diastereomers, the plot of log K; vs. pK, of amino acids
was examined. The results is shown in Fig. 6.
Generally, this kind of plot shows a linear relationship
with a slope of 0.5—2 depending upon the nature of
metal-ligand bonds, when interligand interactions are
negligibly small.2® In the present case, we set up an
area which is surrounded by lines with slopes of 0.5
and 2.0 through the point of alaninate as shown in
Fig. 6, and considered that amino acidates which
deviate largely from this area are involved in a strong
interligand interaction. In the case of prolinate, it has
been assumed that its selectivity comes mainly from
steric repulsion, i.e., destabilization of one of the two
diastereomers.’® In fact, as is seen in Fig. 6, p-pro
deviates largely below the area, although r-pro fits to
the area, which supports that the stereospecificity of
the Cof{sal-(R,R)-chxn} system for L-pro is based on the
destabilization of p-pro complex by steric repulsion. In
the cases of phe, trp, asp, and asn, the b-forms deviate
largely above the area, and the L-forms fit to the area.
Hence, the stereospecificity for the p-isomers of these
amino acidates can be assigned safely to extraordinary
stabilization of the stable diastereomer, 4p-B2-form. As
a factor of interligand interactions, which is responsible
for the large stabilization of the p-phe and b-trp
complexes, the hydrophobic interaction between aro-
matic rings is the most probable.3:8:10 On the other
hand, in the cases of the p-asp and p-asn complexes,
the intramolecular hydrogen bonding between amino
group and carboxylate or carboamide group may
contribute to their stabilization.2?

Conformational Analysis. In order to get further
information about the hydrophobic interaction men-
tioned above, a conformational analysis was carried
out for the p- and vr-ala and the p- and L-phe

D-trp

LOg Kl

(e

7

L-Amino Acid System
(b)

85

9.0 9.5

pKa,

9.5 10.0

Fig. 6. Plots of stability constants of 4-82-[Co{sal-(R,R)-chxn}(aa)] vs.

pK. values of amino acids.
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Table 5. Results of Energy Minimization Calculation for B-[Cof{sal-(R,R)-chxn}(aa)]
Structure  Coordinated Notation . 4 0 Energy/k] mol-!
of amino of anele/°
complex  acidate conformer g Bonding Bending Nonbonded Torsion Charge Total
A4-B2 (mer) p-phe g +172.3 8.28 44.00 50.76 —6.28 139.01 235.75
h —57.6 8.28 45.28 47.14 —5.60 138.71 233.81
¢ +55.6 8.33 42.93 46.97 —5.74 138.81 231.31
L-phe g —174.9 8.26 41.63 50.65 2.66 138.92 242.12
h +62.4 8.13 44.47 43.67 2.10 139.30 237.69
¢ —52.3 7.76 44.42 45.55 2.50 139.22 239.45
p-ala 7.43 42.10 41.88 20.00 138.93 250.34
r-ala 8.14 41.71 41.69 19.34 140.44 251.32
4-pi (fac) p-phe ¢ +56.8 9.59 47.66 43.79 —3.25 151.26 249.05
L-phe h +53.1 8.46 47.42 38.31 11.09 151.78 257.06
D-phe L-phe
Ny 2 2 2
¢ L H H, # o ¢ E 5y B,
5 €00~ g 00" g7 00™ oo, & —00 , -0 5
Hy [} 3 Hy N By
t g h t g h
Fig. 7. Conformation of amino acidates and notation thereof.

Fig. 8. Ortep drawings of the ¢ and 2 conformers for p-phe
and L-phe complexes, respectively.

complexes. The results are summarized in Table 5,
where t, g, and h represent rotamers around -C(a)H-
C(B)Hbz- carbon atoms of the coordinated phenylalani-
nate, which are distinguished by the dihedral angle
between the amino and phenyl groups. In this study,
angles are taken as anticlockwise. The conformers, ¢,
g, and h, are shown in Fig. 7.

Table 5 suggests that the stablest conformer is ¢ for
p-phe and h for L-phe. Their structures are shown in
Fig. 8. The total energy difference between the ¢ (p-
phe) and h (rL-phe) conformers is estimated to be
6.38 k] mol-1, which is in good agreement with the
observed one, 4.90 k] mol-1, at 22 °C in solution. Also
in the case of the ala complexes, the estimated value
(0.98 kJ mol-! stabler in p-ala) is close to the observed
one (0.55kJmol-1). In addition, the stablest con-
former for the p-phe complex belongs to the ¢ from,

and this form coincides with observed ones in X-ray
studies for similar Schiff base complexes.?-14.28) There-
fore, the present results of our conformational analysis
seem to agree well with the observed ones. However,
the main energy difference between the - and p-phe
complexes is based on the torsional one, whereas that
between the 1- and p-ala complexes comes from the
bonding one. Further, there was seen no distingui-
shable difference in Co-O and Co-N bond lengths
among the six conformers of L- and p-phe complexes
(Co-05=1.9031+0.003 A, Co-0s=1.90410.001 A, Co-
07=1.91440.002 A, Co-N»=1.94310.003 A, Co-Ns=
1.914+0.001 A, and Co-N4=1.90310.002 A for the six
conformers). Thus, in order to evaluate the hydro-
phobic interligand interaction in the phe complexes,
the nonbonded interactions between the phenyl group
of phe and the aromatic ring of the Schiff base ligand
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Table 6.
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Nonbonded Energy between the Phenyl Group of Phe and the Aromatic

Group of the Schiff Base (Part A in Fig. 9) of 4-B2-Diastereomers

Amino acidate Conformer Energy/k]J mol~1 Amino acidate Conformer Energy/k] mol~!
p-phe g —0.29 L-phe g —0.31
h —3.53 h —0.99
¢ —2.96 t —2.08

2
- M v
=

Do
—';/:f."/.

D-phe (h)

Fig. 9. Non-bonded interaction between aromatic part (A) of
Schiff base and phenyl group (B) in p-phe (k) and r-phe (t)

complexes.

(part A in Fig. 9) were calculated. The results in Table
6 indicate that 1) the interaction stabilizes every
system, 2) it is more effective in p-phe than in r-phe,
and that 3) the increasing order of the stabilization of
the conformers is g<&€t<<h for p-phe and g<h<t for
L-phe. Although these orders do not completely
coincide with the orders of total energy, they agree well
with the results of the tH NMR study to be mentioned
later, which indicates that the stacking between the
phenyl group of phe and one of the aromatic rings of
the Schiff base is responsible for the extraordinary
stabilization of the p-phe complex in solution.

We also calculated the energy for the A4-Bi(fac)
isomers of L- and p-phe (Table 5). Clearly, the Bi(fac)
isomers are much more unstable than the Ba(mer)
isomers (ca. 17.6kJ mol-!), the energy difference
corresponding to the isomeric ratio (fac:mer) of
1:1200. Since the energy difference comes mainly from
the charge, the observed high regioselectivity (100%)
for the B2 (mer) isomer is ascribed to the fact that the
electrostatic repulsion among the three coordinated
oxygen atoms is much smaller in Bz2(mer) than in Bi-
(fac).

1H NMR Spectra. The 'H NMR data are listed in
Table 7 and the representative spectra are shown in
Fig. 10.

In the case of the p-phe complex, one of the two
H-C=N protons, one of the two l-protons on the
salicylidene groups, some CH and CH: protons on
chxn, and the 5 and 5’ protons on the phenyl group of
p-phe shift to higher field as compared with those of
the L- and p-ala and L-phe complexes. A similar higher
field shift is observed for the p-trp complex. The

CE;OE
- D-phe complex £

A

“0 2.8 2 2l 3z 2 28

L-phe complex CH,08

& S8

r o 0 o 0 g - T g
a0 Exl s a7 28 s 34 23 iz 3l 10 2.3

Fig. 10. H NMR spectra of 4-Bs-[Cofsal-(R,R)-chxn}-
(phe)] in CDsOD+D20 (4:1 by volume).

higher field shift for the p-phe complex is comparable
to the estimated value for the h-conformer from the
Johnson-Bovey diagram on the basis of the confor-
mational analysis data. Thus, these higher field shifts
are due to the ring current effect of the phenyl (indolyl)
group of p-phe (p-trp) and one of the salicylidene
groups of the Schiff base ligand, which indicate that
the phenyl (indolyl) group faces one of the salicylidene
groups (A in Fig. 9) by assuming the ~ conformation.
In fact, the 1H NMR analysis (Table 8)2% indicates that
the p-phe and bp-trp complexes have a high h
conformer distribution (50—60%). The amount of
conformers increases in the order of g<<t<<h, and this
order coincides with that of the aromatic ring-ring
interaction (stabilization) for the bp-phe complex
(Table 6). Therefore, it can be concluded that the b-
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!H NMR Spectral Data for 4-B2-[Cofsal-(R,R)-chxn}(aa)p

Table 7.

Amino acidate

~-CH-

—CHs-
Hs

Ha

Hc

3.800

—CH,-
2.94,

chxn
33" 44 -CH-Y

2’2/‘))

l,lfﬂ)

N

H-C

Complex

1.32 (-CHa)?

1.98

2.51,
1.51
2.51,
1.50

4.00
3.28
3.96
3.29

7.19
6.93
7.19
6.91

7.32
7.16
7.33
7.17

6.79
6.67
6.79
6.68

7.49
7.46
7.52
7.48

8.20
7.74
8.21
7.77

p-ala

1.78,
2.96,
1.78,

1.52 (~-CHg)®

3.489

1.87

L-ala

6,6/b) 7b)
7.470

5’513)
7.05?

Hydrophobic Interligand Interaction in [Co{sal-(R,R)-chxn}(aa)] 145

7.40®

1.93 3.909 3.309 2.959

2.16,
1.40
2.52,

2.86,
1.68,
2.94,
1.93,

3.56
3.06
3.93
3.20

7.17
6.87
7.06
6.86

7.32
7.17
7.32
7.10

6.82
6.67
6.74
6.67

7.44
7.35
7.49
7.45

8.15

p-phe

6.99
8.19
7.76

(7.35, 7.36)9

3.679 3.199 3.279

1.98
1.50

L-phe

1.76,

S

8»
7.23

) 7
7.00

7.12

50
6.95

7.55

7.44 6.76 7.31 7.17 3.14 2.80, 1.87, 1.76 3.859 3.479 3.180
6.67 7.12 6.83 2.97 1.42, 1.31

8.13
6.52

D-trp

1.58,
1.18

2.91,

7.44

3.689 3.34% 4.479 7.15 7.41 7.06 7.15 7.78

1.96

1.48
g) Solvent=CD3OD+Dz0 (4:1 by volume).

2.50,

3.94
3.21

7.02
6.81

7.29

7.02
d) Two doublets.

6.66
6.65

¢) Quartet.

7.45
7.36

8.17

7.70

L-trp

1.76,

1.88,
e) ABoC pattern. f) Singlet.

b) Triplet.

a) Doublet.

Table 8. Population of Conformers for
4-Bs-[Cofsal-(R,R)-chxn}(aa)]?

Conformers/ %29

aa Jac? Jac?
h t g
p-phe 3.300 5.866 60 32 8
L-phe 4.580 8.612 23 57 20
D-trp 1.836 6.968 53 42 5
L-trp 4.400 9.164 20 62 18

a) Solvent: CDsOD(80%)+D20(20%). b) Coupling
constant of —-CH(a)-CHz(B)- protons of amino acidate.

phe and bp-trp complexes favor the kA conformation for
the cordinated amino acidates due to the stabilization
through the aromatic ring-ring interaction as a main
factor.

In the cases of the L-phe and L-trp complexes, a
higher field shift is observed for the 3 and 4 protons of
the salicylidene groups (Table 7), and the higher field
shift for the r-phe complex is comparable to the
estimated shift for the g-conformer from the Johnson-
Bovey diagram. Hence, these facts suggest that the
phenyl and indolyl groups face one of the salicylidene
groups (A in Fig. 9) by assuming the ¢ conformation.
In fact, the 'H NMR analysis shows a high ¢ conformer
distribution (ca. 60%) for the r-phe and vL-trp
complexes. The order in amount of conformers is
g<h<t, and this order coincides with that of the
aromatic ring-ring interaction for the r-phe complex
(Table 6). Hence, the L-phe and L-trp complexes are
also stabilized by the aromatic ring-ring interaction.
Since the stabilization is larger in b-phe and p-trp than
in L-phe and L-trp, the stability constants for the p-phe
and p-trp complexes deviate largely upward from the
free energy relationship (Fig. 6). It should also be due
to the aromatic ring-ring interaction that the stability
constants for the vr-phe and vr-trp complexes are
somewhat higher than those expected from the free
energy relationship.

For the aromatic ring-ring interaction, the shortest
interatomic distance between the benzene rings, the
distance between their centers, and their inter-facing
angles in the & and ¢t conformers of the p-phe complex
are calculated as follows on the basis of the results of
the conformational analysis: 4.14 A, 6.00 A, and 18.4°
for the h conformer, and 4.42 A, 5.61 A, and 23.9° for
the t conformer. In the case of the ¢ conformer of the
L-phe complex, they are 4.24 A, 7.26 A, and 12.0°.
These data suggest that the benzene rings are not
completely parallel to each other and that their centers
do not coincide with each other. The shortest
interatomic distances between the benzene rings are
41—4.4 A in the present systems, which are longer
than that for [Ch(histamine)(L-trp)] (3.45 A),? suggest-
ing that the aromatic ring-ring interaction is effective
in a long range in the Co(III)-Schiff base system.
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Characterization of the Surface Oxide Layer on Iron Particles for
Magnetic Recording by Mossbauer Spectrometry

Akio MakisHiMA,T Yukihiro YamMamoTo,* and Kohji WATANABE
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(Received April 21, 1989)

The average valency of iron in the oxide layer on iron particles for magnetic recording and the saturation
magnetization of the oxide layer were estimated to be 2.8 and 39 emu g, respectively, by examining the Debye
temperature and the recoilless fraction of oxide layer which were calculated with the M&ssbauer parameters.

Acicular metallic iron particles are excellent materi-
als for magnetic recording. It is necessary to passivate
the iron particles, because those are easily oxidized in
air. This passivated oxide layer on the iron particles
prevents further oxidation. The layer is thought to be
composed of an iron oxide. Many studies have been
done to elucidate this oxide layer.l-? The acicular
iron particles are so small (about 0.2 pm in length) and
the oxide layer so thin (about 2 nm in thickness) that
only a few analytical methods are available. Both X-
ray diffraction and Méssbauer spectrometry are useful
techniques for this purpose.

Van Diepen et al.D measured X-ray diffraction traces
and Mdssbauer spectra of such iron particles. They
found a broadened cubic spinel pattern from X-ray
diffraction studies, and concluded that the oxide layer
on the iron particles was an iron-rich iron oxide (FeO)
at the metal/oxide interface and an oxygen-rich iron
oxide (7y-FezO3) on the outside. They found only a
broadened background in the Méssbauer spectrum
except for the spectrum of metallic iron; they found no
paramagnetic contribution to the spectrum. Haneda
and Morrish? also measured X-ray diffraction and
Mossbauer spectra.  They concluded that the oxide
layer was a mixture of FesO4 and y-FeaOs. They esti-
mated the oxidized fraction to be 80% by the ratio of
the areas of oxide and metallic iron assuming equal
recoilless fractions at 78 K. Morrish and Picone?
measured X-ray diffraction and Mdssbauer spectra.
They compared the X-ray diffraction pattern with
Fe304 and y-Fez0s, but they could not assign the iron
oxide. They found a central superparamagnetic ab-
sorption in the Mossbauer spectrum which split
during cooling. From these splitting spectra, they
concluded that the oxide layer was a mixture of FesO4
and y-Fe20s. The content of metallic iron was calcu-
lated to be 83% assuming equal recoilless fractions of
iron oxide and metallic iron at 2.2 K. The Debye
temperature of the oxide layer was about 100 K using
the Debye model. They did not use the Debye tem-
perature for further discussions as we do in this study.
Umemura et al.¥ measured the M6ssbauer spectra of
the iron particles, but they only reported that super-

T Present address: Institute for Study of the Earth’s
Interior, Okayama Univ. Misasa, Tottori-ken 682-02.

paramagnetic iron oxide was observed. Kishimoto et
al.? observed the iron particles by electron microscopy.
They measured the thickness of the oxide layer, and
calculated its percentage in weight and its saturation
magnetization to be 45% and 40 emu g-! (1 emu g—1=
1.26X10-6 Wbm kg~1), respectively. The validity of the
microscopic observation is suspect. Brett et al.®
measured back scattering Méssbauer spectra of iron
particles whose surface was enriched in 57Fe, and they
concluded that the spectra resembled those of amor-
phous iron oxide. Kitahata et al.? also used the
samples enriched in 57Fe and concluded that the oxide
layer consisted of ferrimagnetic FesO4 and superpara-
magnetic FesO4. They also calculated their volume
ratio, which was 7:3.

Though there are many studies about these iron
particles, we have not enough quantitative informa-
tion, for instance about the average valency of iron in
the oxide layer or the saturation magnetization of the
oxide layer. There are a few quantitative estimations,
but the assumption of equal recoilless fractions of the
oxide and metallic iron is not reliable, because the
Debye temperature of the oxide layer is considered to
be very low.

The purpose of this work is to demonstrate a new
method to estimate the amount of oxidized iron.
Consequently, we can also calculate the average
valency of the iron in the oxide layer and the
saturation magnetization of the oxide layer.

Experimental

Acicular goethite particles were prepared by the following
method. 139 kg of FeSO4-7H20 was dissolved in 2 m3 of
water and 200 cm? of concd H2SO4 was added to it. 200 kg of
NaOH was dissolved in 3 m3 of water while bubbling with
nitrogen gas, the FeSO4 solution was added to the NaOH
solution. The slurry containing Fe(OH): precipitates was
oxidized at 40 °C by bubbling air from the bottom of the
cylindrical reactor. The aqueous solution (10000 cm?3)
containing 3.7 kg of NiSO4-6H20 was added to the reacting
solution after 75 min from the starting of oxidation reaction
and Nitrogen gas was bubbled for one hour and the
oxidation reaction was continued. The reaction time was
about 90 min. The goethite obtained was washed with water
until the washing water showed pH 7. They were coated
with silicon dioxide by hydrolysis of silicone tetraethoxide
in the goethite slurry. The goethite powder coated with
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silicone dioxide was heated to dryness and dehydrated in air
at 923K for 1h. The samples were then reduced in a
hydrogen atmosphere at 693 K for 4 h. The reduced powder
was soaked in toluene stirred in bubbling air at 353 K for 1 h
and dried in air at room temperature. The dried powder was
considered to have a stable oxide layer.

Chemical analysis of the iron powder gave contents of
iron, silicon, and nickel of 76.6, 3.6, and 2.1 wt%, respective-
ly. Water, whose content was determined from the weight
loss of the particle when it was heated at 433 K using a
Mitsubishi Moisturemeter CA-05, was less than 1%.

The specific surface area (the B.E.T. value), the coercivity
and the saturation magnetization were 5.49X104 m? kg1
(Shimadzu Surface Area Analyzer MIC-2200), 1.22 A m— and
118 emu g~! (TOEI KOGYO VSM-3), respectively.

The Mo6ssbauer absorption spectra of the iron powder at
room temperature (297 K) and at liquid nitrogen tempera-
tures (79 K) were measured with a conventional spectrometer
using Co in Rh as a source. As the iron powder was very
fine and difficult to handle, 20 mg of iron powder and 70 mg
of graphite powder were mixed and pressed into a disc of
13 mm diameter and 1 mm thickness. Mossbauer spectra at
liquid nitrogen temperatures were obtained with a con-
trolled flow of liquid nitrogen into a cryostat. Mdssbauer
spectra were fitted to Lorenzian curves using a least-square
method, to investigate the structure of oxide layer and to
calculate the fraction of the peak area.

An electron micrograph of the iron powder was taken
using a JEOL high resolution transmission electron
microscope, JEM-2000EX, under an accelaration voltage of
200 keV.

Results and Discussion

Electron Microscopic Observation. An example of
the electron micrograph of the iron powder is shown
in Fig. 1. The iron powder, on the average, is of
needle-like shape of 300 nm in length and 30 nm in
width. A core iron and a surface oxide layer exist in

Fig. 1. Electron micrograph of iron particle. The
iron particle consists of core and surface layer. The
core is made of the metallic iron and the surface layer
is made of iron oxide.
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each powder. A lattice image is explicitly observed in
the core, but not in the oxide layer.

Mgdossbauer Spectra. The Mossbauer spectrum of
the iron powder at 297 K is shown in Fig. 2(a). It is
thought to be a superposition of a sextet due to a-iron
and a superparamagnetic doublet due to the surface
iron oxide. The isomer shift (§) and the quadrupole
splitting (4) of the doublet were 0.38 mm s—1 relative to
iron at room temperature and 1.07 mm s—1, respective-
ly. The area fraction of the doublet was 0.265. The
Mossbauer parameters were almost the same with the
parameters of the passive film on iron.® From the
discussion in the literature,® this doublet resembles the
spectra of amorphous iron oxides and hydroxides
more than those of the corresponding bulk crystalline
materials. These M&ssbauer parameters do not lead to
any further characterization.

The Mossbauer spectrum at 79 K is shown in Fig.
2(b). We can conclude that the surface oxide layer is
superparamagnetic, as mentioned above, for the
doublet due to the oxide layer dissapeared and the
magnetically split spectrum was observed at the low
temperature. The isomer shift, the quadrupole split-
ting and the hyperfine field of oxide layer were
0.47 mm s~1, —0.05 mms~! and 46.6 T, respectively.
The area fraction of the oxide layer was 0.377.

Estimation of the Valency of Iron in the Oxide
Layer. The area fraction of oxide layer at 297 K (RRT)
and that at 79K (RY) are given by the following
equations,

RRT = f3"No/(fs'No + fn'Nm) (1)
RN = fiNo/(f§No + fR'Nm) (2)

where f&7 is the recoilless fraction of iron in the oxide
layer at 297 K, fY is that at 79K, f&' is the recoilless
fraction of iron in the metal core at 297 K, fn is that at
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Fig. 2. Maossbauer spectra of the iron particle at 297
K(a), and 79 K(b). The curves are the sum and the
components of the computer-fitted patterns.
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79 K, N, is the number of iron atoms in the oxide layer
and Ny, is the number of iron atoms in the metal core.®

The fraction of the number of iron atoms in the
oxide layer, r, is given by

7= No/(No + Nm) 3)
By using Eqs. 1 and 2, r is given by

r = RRT/(RRT + FRT(] — RRT))

= RN/(RN 4 FN(1 — RN)) 4)

where
FRT = f&1/f} (5)
FN = fN/fN (6)

The Eq. 4 gives

FRT/FN = RRT(] — RN)/RN(1 — RRT) (7

The Debye model gives the recoilless fraction (f),?
3E DT
§ = exp(—5 5 (1 + 4(T/DP[ " x/(exp(x) — D}dx)) ®)

where E is the recoil energy, D is the Debye tem-

1 |
300 400
D/K

1
200

Fig. 3. The relation between the Debye temperature
and the recoilless fraction at 297 K and that at 79 K.
D is the Debye temperature. fXT is the recoilless

fraction of the oxide layer at 297 K and f)is that at
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perature, T is the temperature of the absorber, and % 1s
the Boltzmann constant. The relations between the
Debye temperature and the recoilless fractions are
plotted in Fig. 3. As mentioned previously, Morrish et
al. calculated the Debye temperature of the oxide layer
to be about 100K.? They did not use the Debye
temperature in further discussions. R®Tand RN can be
measured, and the Debye temperature of metallic iron
is known, so we can get the Debye temperature of the
oxide layer and the fraction (r) of iron in the oxide
layer from the above eight equations and Fig. 3. There
exist large discrepancies among the Debye tempera-
tures of the metallic iron, 400 K1® and 421 K9 from the
thermal-shift measurement, and 310 K19 and 358 K9
from the recoilless fraction measurements. Calcula-
tions from the Debye temperatures of metallic iron,
310K and 421 K give the Debye temperatures of the
oxide layer, 189 K and 206 K (Table 1), respectively,
and r, 0.423 and 0.424 (Table 2), respectively. As men-
tioned by Morrish et al., the oxide layer is made of
small imperfectly crystallized particles which showed
the low Debye temperature. The values of 7 by two
calculations showed a good agreement with each
other. In later discussions, 0.423 is used as r.

The iron powder consists of 76.6 wi% iron, 3.6 wt%
silicon, and 2.1 wt% nickel. Water is less than 1 wt%, so
we consider the water content is to be negligible. The
rest, 17.7 wt% is thought to be oxygen. Silicon existed
as silicon dioxide only on the surface, because silicon
dioxide is not reduced and iron silicide is not formed
from the reduction of hematite in a hydrogen atmo-
sphere at 693 K. It is considered that nickel is not
contained in the surface oxide layer, because of the fact
that the reduction of Ni-Fe alloy forms the Fe-rich
surface and the Ni-rich bulk.!¥ In other words, the
core consists of metallic iron containing metallic
nickel, and the oxide layer is formed by the iron oxide
containing silicon dioxide and is described as FeOx-
nSiOs2. Using the fraction of the number of the iron
atoms in the oxide layer (7), x and n is calculated to be
1.4 and 0.22, respectively. The average valency of the

79 K. iron in the oxide layer is 2.8, which is between that of
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